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Properly quantifying tunnel stabilisation intervention techniques is of strategic importance to 
Singapore. This can be done by carrying out ground improvement methods such as jet grouting 
or deep cement mixing. The goal is then to create a tunnel with an improved soil surround. 
Tunnel stability is typically quantified using a stability number. However there is as yet a stability 
number that properly quantifies specifically a tunnel with an improved soil layer. This is true 
regardless of the shape of the tunnel. The failure modes of such tunnels have also not been 
qualified. In order to allow for engineers to easily adopt designs for such tunnel, a proper design 
framework, including failure maps and stability charts, are needed. 
1-g scale and centrifuge experiments have been carried out on circular tunnels with an improved 
soil layer. Unlike tunnels with no improvements, these tunnels experience local failure rather 
than global failure. The failure point is therefore set to the point that the improved soil layer 
yields rather than volume loss based failure criterion typically adopted for unimproved tunnels. 
Important parameters to stability include the slenderness ratio t/D and strength ratio cu2/cu1. 
The results from these experiments motivate the formulation of an initial stability number.  
The physical experiments allow for a starting point with which to conduct and compare a 
numerical analysis. Once the numerical models have been calibrated, a proper parametric study 
can be carried out.  
The numerical analysis reveals that there are four unique failure modes in total. These are the 
Roof Collapse, Shear Failure, Flexural (Compression) and Flexural (Tension) failure modes. These 
four failure modes are presented in a failure map. The failure mode changes depending on the 
t/D and cu2/cu1. 
With more data points, stability charts can be populated for each of the failure modes. The Roof 
Collapse and Shear failure mode uses the same stability equation as they are similar to each 
x 
 
other. Both involve an initial failure of the improved soil layer followed by the failure of the 
surrounding soil. Another stability chart is proposed exclusively for the Flexural failure modes, 
with each mode occupying different zones in the chart. 
A preliminary random finite element study was also carried out. Spatial variation is shown to 
have a negative effect on tunnel stability, though a more extensive parametric study is required 
to properly integrate the random findings into the design process. 
As rectangles are the most efficient shape for vehicular tunnels, a centrifuge study of rectangular 
tunnels with an improved soil layer is also carried out. It was found that such tunnels would fail 
by flexural failure of the roof of the improved soil layer. The thickness of the improved soil layer, 
as well as its undrained shear strength, is found to improve stability. The addition of fibres would 
also improve stability, as well as increase the ductility of the material. An analytical solution was 
proposed for such tunnel, in order to optimise the required thickness and strength of the 
improved soil layer. 
This study has shown that it is possible to design for tunnels with an improved soil layer. In 
addition the data gathered can quickly inform engineers on how to come up with efficient 
designs for such tunnels. However more can still be done to further integrate the random aspect 
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In many large cities, tunnels are common infrastructure. In Singapore, where usable space is a 
national strategic issue, underground space and tunnels are used for numerous purposes such as 
rail and vehicular traffic, sewerage transport, services and utilities and storage of petroleum and 
chemicals. In Singapore, tunnels are commonly employed by the local rail network operator, 
with a total of 83.3km of underground train tracks already in existence, with a view of increasing 
that number (LTA, 2009). 
It should come as no surprise that tunnels have become an ubiquitous fixture in Singapore; 
managing land scarcity has been a perennial challenge in an island nation that is only 
approximately 648km2 (Ng & Sovacool, 2012), and utilising the local underground space presents 
itself as a viable solution.  
1.1 UNDERGROUND CONSTRUCTION IN SINGAPORE 
The underground environment in Singapore is highly complex. Any future subterranean 
infrastructure developments would need to co-exist with all the existing services, building 
foundations, basements, tunnels and train stations and other underground structures that have 
been built prior. As the Singapore underground becomes increasingly congested, the demands 
on technology to provide solutions for underground excavation in congested conditions with 
minimal or no disruption to the surface and surrounding facilities will continue to increase. 
1.1.1 CURRENT STATE-OF-THE-PRACTICE 
There are several tunnel construction methods and techniques being practiced currently around 
the world. Typical methods are cut-and-cover, tunnel boring machines (TBM), sprayed concrete 
techniques (one of them being the New Austrian Tunnelling Method or NATM), and box jacking. 
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In many parts of Singapore, soft soil conditions necessitate the use of cut-and-cover method or 
TBMs (Sigl & Rieker, 2001). However sprayed concrete techniques have also been used locally 
with some degree of success. The Fort Canning Tunnel, seen in Figure 1-1 and opened in January 
2007, is an approximately 15m wide vehicular tunnel that has been constructed according to the 
principles of the NATM (Zeidler & Schwind, 2007). However, the Fort Canning Tunnel was 
excavated in relatively stiff residual soil of the Jurong Formation. In such cases, the strength and 
stiffness of the soil can be utilized to provide some degree of tunnel support. For softer soils 
such as those of the Kallang Formation, soil support is unlikely to be available without some soil 
improvement. 
 
Figure 1-1 - Fort Canning Tunnel (LTD, 2012) 
1.1.1.1 Tunnelling Methods - Cut and Cover 
For tunnels with large-cross-sections, especially for those with non-circular cross-sections (which 
cannot be readily excavated by conventional tunnel boring machines), the cut-and-cover method 
is often employed. This applies, for instance, to vehicular tunnels, mass rapid transit (MRT) 
crossover tunnels and other box tunnels. In this method, a supported trench is first excavated, 
before being roofed by some kind of support structure suitable to withstand a certain design 
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load above the tunnel. The M3 section of the Circle Line, which led to the collapse of the Nicoll 
Highway, is an example of a crossover segment of the Circle Line tunnel.  
Two versions of the cut-and-cover method are available; namely the bottom-up method and the 
top-down method. The first method involves excavating a trench, before constructing the tunnel 
to completion within it. The trench is then backfilled to the desired surface level. The second 
method involves an initial shallow excavation that will allow for the roof structure to be built. 
Subsequently the surface is reinstated, except for suitably sized access openings that would 
allow for further excavation to take place and the tunnel to be constructed; this is often known 
as the “top-down” construction. 
The cut-and-cover method requires the ground surface above the tunnel to be free of any 
infrastructure, such that excavation can take place. Regardless of whether the bottom-up or top-
down approach is used, excavation still has to be conducted all the way from ground surface to 
the final formation level. Hence, surface disruption is unavoidable.  
Furthermore there are inherent risks involved with cut-and-cover projects, especially when the 
excavation is very deep. The collapse of the Nicoll Highway excavation on 20 April 2004 
highlights is an example of such. This particular excavation, down to a formation level of ~35m 
was intended to facilitate the construction of crossover tunnel box. Failure in the supporting 
structures caused a deep cave-in spread across six lanes of Nicoll Highway, resulting in the death 
of four people, with three more being injured.    
1.1.1.2 Tunnelling Methods - Tunnel Boring Machines 
For tunnels with diameter ranging from 6m to about 9m, tunnel boring machines (TBMs) are 
usually used for excavation, especially for long tunnel drives. TBMs can be designed to bore 
through a variety of soil and rock types (see Table 1-1) and are often loosely classified into two 
groups; namely hard rock TBMs and soft ground TBMs. Shielded and open-type TBMs fall under 
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the first group, while Earth Pressure Balance (EPB), Slurry Shield (SS) and open-face machines fall 
under the latter.  
Table 1-1 - Properties of the different types of Tunnel Boring Machines 
Open-type TBM • Hard rock TBM 
• No shield, pushes against side wall of tunnel to progress 
• Concrete lining not installed 
Shielded TBM • Hard rock TBM 
• Used in fractured rock 
EPB machine • Soft ground TBM 
• Used in soft ground with less than 7 bars of pressure 
SS machine • Soft ground TBM 
• Used in places with high water pressure and large amounts 
of ground water 
Open-face machine • Soft ground TBM 
• Assumes a reasonable stand-up time in the soil 
• Used in rock types of strength up to 10MPa 
 
TBMs are however limited in size and shape, inasmuch that the tunnel could only take on the 
geometric properties of the TBM itself. TBMs are commonly circular in shape. Although TBMs for 
rectangular cross-sections are available1, these are rarely used. The largest TBM currently in use 
was manufactured by Herrenknecht AG for use at the Orlovski Tunnel (see Figure 1-2), currently 
under construction in St Petersburg, Russia. It will have a diameter of 19.25m  (Kühn, 2011) and 
is expected to be completed in 2016.  
                                                            
1
 Double-O-Tunnel (DOT) boring machines are one such variation. As the name suggest the resultant 




Figure 1-2 - The Orlovski Tunnel will be the world's widest bored tunnel (COWI, 2011) 
Furthermore, unless the drive is sufficiently long, TBM is usually not cost effective, since it 
involves a large cost outlay. Indeed, one reason why a TBM was not used in the Fort Canning 
Tunnel was that the drive was too short.  
1.1.1.3 Tunnelling Methods - NATM in soft ground 
NATM is characterised by the use of sprayed concrete as an initial support method for a new 
tunnel (Telford, 1996). NATM is usable for hard rock to stiff soils (ironically known in tunnelling 
as “soft ground”). The sprayed concrete for NATM in stiff soil is used to limit settlement at the 
surface, which is quite the opposite of NATM in rock, where movement is allowed in order to 
mobilise more strength from the tunnel surroundings. As such excavation stages need to be 
sufficiently short both in dimensions and duration(Telford, 1996) and the sprayed concrete 
support should be completed without delay.  
NATM tunnels are not limited in terms of size or shape; with enough effort extremely large 
tunnels, which are not necessarily circular, can be created. The Fort Canning Tunnel is an 
example this method. 
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1.1.2 CHALLENGES IN TUNNELLING 
Large-diameter, large cross-section and non-circular tunnels are often constructed for vehicular 
tunnels. Examples of this include the Fort Canning Tunnel and the Marina Coastal Expressway 
(MCE). At present, these are constructed largely using cut-and-cover approach. As mentioned 
earlier, such cut-and-cover approaches not only cause significant surface disruption, but also 
may not be feasible if there are existing infrastructure or other obstacles overlying the tunnel 
alignment.  
In such cases, the alternative is a non-disruptive approach. However the extent at which this can 
be done is often limited in soft soil conditions. One method of overcoming this limitation is 
tunnel stability intervention, which involves increasing the stability of the opening ahead of the 
tunnel face. This method will be discussed in the following section. 
1.1.3 TUNNEL STABILISATION INTERVENTION 
Several different technologies may be adopted to carry out ground improvement for the 
purposes of tunnel stability intervention, in particular conservative action. Relevant techniques 
for ground improvement include jet grouting, deep cement mixing and ground freezing.  
1.1.3.1 Jet grouting 
Jet grouting is a construction process involving the use of fluid being injected into the ground at 
a high velocity, thus breaking up and loosening the soil. Subsequently the soil is mixed with 




Figure 1-3 - Principles of jet grouting (LGC, 2012) 
The ground may be improved from the surface ahead of the tunnel face, in which case the jet 
grouts are done vertically. It is also possible to install the jet grout columns horizontally, in which 
case the jet grout machine would be required to be inside the tunnel itself, just behind the face. 
However, horizontal jet grouting is seldom conducted because of the tendency of the grout to 
flow back out along the grout hole. 
1.1.3.2 Deep Cement Mixing 
Deep cement mixing is the mechanical mixing of soil with cementitious materials (see Figure 1-
4). The result is a cement-admixed soil that has improved geotechnical properties such as a 




Figure 1-4 - Principles of deep cement mixing (STI, 2011) 
1.1.3.3 Ground freezing 
With ground freezing, a certain number of freeze pipes are inserted into the soil (See Figure 1-5). 
This lowers the temperature of the ground to such an extent that a massive block of frozen soil 
is formed. Frozen soils have increased strength, and now would be able to support open cut or 
tunnel excavation. 
 
Figure 1-5 - Example of ground freezing (Deming, Lacy, & Chang, 2004) 
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A drawback of this procedure is the amount of energy it takes to freeze the soil, which is 
significant. Also the soil tends to heave when frozen, and settle upon melting. Such movement 
may adversely affect existing infrastructure. 
1.2 OBJECTIVES 
Ground improvement is currently heavily used in tunnelling situations in Singapore. Figure 1-6 
shows the ground improvement scheme for the Marina segment of the Thomson Line in 
Singapore. As can be seen, the scheme is extremely conservative and involves very massive and 
monolithic improvement.  
 
Figure 1-6 – Ground improvement scheme for Marina segment of Thompson Line 
From the point of stabilizing tunnels against collapse during construction, Figure 1-7 shows a 
more economical scheme. There are two tunnel configurations that will be studied herein. The 
first are circular tunnels, which shall be examined first as these are the very commonly studied 
with numerous studies in the current state of the art. The other tunnel configuration is 




Figure 1-7 - Ground improvement works in large diameter tunnels 
The objective of this study is to study the collapse behaviour of circular and rectangular openings 
with improved soil zone around it, hereafter termed “improved soil surround”. The focus of the 
study is on the stability, rather than ground movement, of the underground opening. The study 
will include a mapping of the failure mechanisms as well as the establishment of stability criteria 
for these mechanisms. 
1.3 SCOPE 
Figure 1-8 illustrates some of the geometric parameters relevant in a circular tunnel with a 
cement treated soil support. For a rectangular tunnel, two further geometric parameters, h and 
B, the height and width of the tunnel, are also necessary, as seen in Figure 1-9. The strength 
parameters are the undrained shear strength of the surrounding soil cu1 and that of the cement-
admixed soil cu2, respectively. Parametric studies were carried out by investigate the effects of 
the aforementioned parameters on the stability of circular and rectangular tunnels with cement-




Figure 1-8 - Geometric parameters of circular tunnels in improved soils (SIDE VIEW) 
 
Figure 1-9 - Additional geometric parameters of rectangular tunnels in improved soils (CROSS SECTION VIEW) 
Centrifuge model parametric studies were carried out on the National University of Singapore 
geotechnical centrifuge. These tests were carried out under 100-g model gravity using kaolin 
clay used as the surrounding soft soil and Singapore Marine Clay mixed with cement as the 
improved soil layer.  
Tunnel excavation process was modelled by draining a heavy fluid, potassium iodide, from a pre-
cut model tunnel, simulating the removal of tunnel support. Failure mechanisms and loads were 




Numerical analyses were also conducted using GeoFEA 9. This numerical model than can be used 
to augment the experimental results and aid in the extrapolation of data points. It can also be 
used to populate proposed stability criteria. Both deterministic and random finite element 
studies were carried out. 
1.4 REPORT OUTLINE  
Chapter 2 will discuss the published works that are relevant to the study of tunnel stability and 
ground improvement as well as other topics pertinent to this proposed research project. The 
experimental details of the 1-g and high-g centrifuge setup, including the sample preparation 
and test configurations, are presented and discussed in Chapter 3, with a discussion on the 
results of the circular tests following in Chapter 4 and Chapter 5. In Chapter 6, the numerical 
analysis of circle tunnels with an improved soil layer is discussed leading towards a proposed 
design methodology for such tunnels. This includes a brief discussion on the random behaviour 
of cement treated soil surround. This is followed in Chapter 7 with an analysis of the stability of 
circular tunnel in cement treated soil surround. In chapter 8 the stability analysis of rectangular 
tunnels with an improved soil layer is examined based on the centrifuge experiment results and 
a proposed analytical solution. A suggested design methodology for these tunnels will be 






2 LITERATURE REVIEW 
The general objective of this chapter is to review previous works on underground openings and 
tunnels. The emphasis will be on stability on underground openings, especially those with 
improved soil support. 
2.1 EXPERIMENTAL STUDIES ON CIRCULAR TUNNEL STABILITY  
This project will involve both 1G and centrifuge study on tunnel stability. Therefore it is 
important to study how others have approached this particular topic experimentally. The 
following sections will discuss some important work done in that aspect. 
2.1.1 BROMS AND BENNERMARK (1967) 
One of the earliest works done on tunnel stability was conducted by Broms and Bennermark 
(1967). They proposed an equation for the overload factor (also known as the stability ratio) for 
tunnels, which given by:- 
 =   + 12	
 +  −   (2.1) 
 
Where C   =  Vertical distance from the ground surface to the tunnel crown 
 D   =  Tunnel diameter 
 σS  =  Surface surcharge 
 σT  = Tunnel support pressure at tunnel springline level 




Broms and Bennermark (1967) carried out both extrusion and intrusion tests for soft clays, the 
setup of which is seen in Figure 2-1, and concluded that the critical stability ratio for such cases 
to be less than 6. This was supported by field observations, as seen in Figure 2-2. 
 
Figure 2-1 - The experimental setup of the 1967 (a) extrusion and (b) intrusion tests (Broms & Bennermark, 1967) 
 
Figure 2-2 - Stability ratios as determined by field observations (Broms & Bennermark, 1967) 
2.1.2 KIMURA AND MAIR (1981) 
Kimura and Mair (1979) reported centrifuge model tests on tunnels to study the influence of the 
unlined length, P, and the soil cover, C, had on the stability ratio. These experiments were 
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conducted under 100-g model gravity in a centrifuge in order to better replicate prototype stress 
states. Tunnel support was provided for by compressed air in a rubber bag, applied to the inside 
of the tunnel in order to preserve stress equilibrium, as seen in Figure 2-3. The tunnelling 
process was modelled by reducing the tunnel support pressure.  
 
Figure 2-3 - Parameters tested by Kimura and Mair (1981) 
The results of these experiments, as seen in Figure 2-4 and Figure 2-5, indicates that it is possible 
to have a critical stability ratio below 6. Critical stability ratio was found to decrease with smaller 
C/D ratio and larger P/D ratio. When P/D reaches zero, it is similar to the conditions tested by 




Figure 2-4 - Influence of unlined heading length on stability ratio at failure (Kimura & Mair, 1981) 
 
Figure 2-5 - Influence of heading geometry on stability ratio at failure(Kimura & Mair, 1981) 
2.1.3 CASARIN AND MAIR (1981) 
Casarin and Mair (1981) reported a series of tests to study deformations and failure mechanisms 
occurring around an unsupported tunnel heading in over-consolidated clay. The tests were 




Figure 2-6 - Boundary conditions and dimensions of model tunnel heading tests (Casarin & Mair, 1981) 
Loading was applied by increasing a uniformly distributed surcharge on the model ground 
surface. Tunnel support pressure was used to maintain stress equilibrium. Excavation was then 
simulated by decreasing the tunnel support pressure. As seen in Table 2-1, the results show that 
critical stability ratio increases with increasing C/D ratio and is also dependent of P/D, although 
as seen in Table 2-1, that relationship is not entirely linear. 
Table 2-1 Summary of results (Casarin & Mair, 1981) 
TEST C/D P/D Critical Stability Ratio 
THG 0.3 0 3.8 
THH 1.2 0 5.0 
THI 1.2 0.1 5.4 
THJ 1.2 0.5 4.3 
THK 1.2 1.0 3.5 
THM 2.8 0 5.3 
 
Casarin and Mair (1981) reported two distinct modes of deformation in their tests, which 
motivated two different failure mechanisms, as illustrated in Figure 2-7. Tunnels with smaller 
P/D ratios tend to be linked with Mechanism A, while those with larger P/D ratios are associated 




Figure 2-7 - Failure modes (Casarin & Mair, 1981) 
2.1.4 CHAMBON AND CORTÉ (1994) 
Chambon and Corté (1994) tested the stability model tunnel headings in dry sand in the 
centrifuge. The models simulated prototype diameters of 5m, 10m and 13m, with the headings 
supported by water or compressed air. The collapse pressure of each test was recorded, and 
plotted against tunnel diameter. The results are shown in Figure 2-8. 
 
Figure 2-8 - Relationship between collapse pressure and tunnel diameter (Chambon & Corté, 1994) 
As shown in Figure 2-8, Chambon and Corté (1994) showed that for cohesionless soils, the 
collapse pressure was not sensitive to ground cover. Instead, it is the tunnel diameter that 
affected the collapse pressure in such situations. 
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2.1.5 LEE, WU, CHEN AND CHIANG (2006) 
Lee et al. (2006) reported on a series of centrifuge model tests and numerical simulations that 
investigates tunnel stability for both single and parallel tunnels. Stability was quantified by using 
the Overload Factor (OF), defined as:- 
 =  −   (2.2) 
 
where σv0 is the overburden pressure at the tunnel centre, and pi is the supporting pressure.  
The OF was monitored and plotted against surface settlements, S. It was found that S would 
increase dramatically once the OF has exceeded a critical value (OF)c, as seen in Figure 2-9. (OF)c 
was defined accordingly as the intersection of the extension of the first two linear parts of the 
curve, seen in Figure 2-9 drawn in green. 
 
Figure 2-9 - Definition of Overload Factor at collapse (OF)c (C. J. Lee et al., 2006) 
Lee et al. (2006) also carried out numerical modelling using FLAC. Using the data from the 
numerical models, as well as the centrifuge data, the relationship between (OF)c and the cover-
to-diameter ratio C/D was tabulated; the results are as shown in Figure 2-10. Figure 2-10 shows 
that (OF)c would increase with the C/D ratio, which indicates that stability of the tunnel is 




Figure 2-10 - Comparison of the (OF)c values obtained from the numerical analysis as well as the centrifuge 
experiments (C. J. Lee et al., 2006) 
2.1.6 CAPORALETTI, BURGHIGNOLI, SCARPELLI AND TAYLOR (2009) 
Caporaletti et al. (2009) examined the effects of layered soil on tunnel stability using centrifuge 
model tests and theoretical solutions. As shown in Figure 2-11, the centrifuge tests were 
conducted under plane strain conditions, with over-consolidated kaolin clay overlain by a layer 
of medium dense sand. Excavation was simulated by a reduction of tunnel support pressure. 
Although the undrained shear strength of the clay increases with depth, a constant value is 
assumed in order to compare the test results with theoretical solutions. The experimental data, 
shown in Figure 2-12, were co-plotted with Davies et al.’s (1980) upper and lower bound 





 Figure 2-11 - Centrifuge set up (Caporaletti et al., 2009) 
 
Figure 2-12 - Theoretical solutions and experimental data (Caporaletti et al., 2009) 
 
Figure 2-13 - Proposed failure mechanism (Caporaletti et al., 2009) 
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The graphs show that model test results fall largely out of the range of Davies et al.’s (1980) 
lower and upper bound solutions, whereas the Caporaletti et al. (2009)’ proposed failure 
mechanism gives a more reasonable prediction.  
2.1.7 IDINGER, AKLIK, WU AND BORJA (2011) 
Idinger et al. (2011) conducted centrifuge experiments to study tunnel face stability in 
cohesionless soil. However, instead of using fluid pressure to provide support on the face like 
Chambon and Corté (1994), the face support was instead provided by a face plate, which was 
placed at the tip of a linear actuator. In order to trigger the failure in the tunnel face, the 
actuator was retracted to allow the tunnel face to collapse inwards.  
A load cell was placed at the face plate to record support pressure. This value was recorded and 
plotted against displacement of the linear actuator. Tests were carried out for C/D=1.5 (T1 and 
T2), C/D=1.0 (T3, T4 and T5) and C/D=0.5 (T6). The results of these tests are shown in Figure 2-
14. 
 
Figure 2-14 - Measured pressure at the face plate against normalised piston displacement (Idinger et al., 2011) 
Figure 2-14 shows that C/D ratio affects the support pressure requirements, especially at low 
piston displacements of less than 3%. This is not in agreement with the findings of Chambon and 
Corté (1994), which found that support pressure was independent of the C/D ratio. 
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2.1.8 SUMMARY  
Broms and Bennermark (1967) proposed a way to quantify stability, while Kimura and Mair 
(1981) and Casarin and Mair (1981) illustrate how tunnel stability can be studied in centrifuge 
and 1g conditions. Reasonable values for tunnel stability have been proposed by these studies. 
While there are no experiments as yet conducted on stability of tunnels in improved soil, 
nonetheless techniques applied by these other researchers, such as using fluid pressure to 
support the tunnel, can be adopted for this research project. 
2.2 TUNNEL STABILITY ANALYSIS 
The following sections will consider some of the previous work done in tunnel stability and 
failure mechanism analyses by previous researchers. 
2.2.1 DAVIES, GUNN, MAIR AND SENEVIRATNE (1980) 
Davies et al. (1980) proposed lower and upper bound solutions for the stability of a plane strain 
opening in a ground with uniform undrained shear strength. They considered two idealised 
plane strain cases, as illustrated in Figure 2-15 and defined as Case 1 and Case 2, and the Broms 
and Bennermark’s (1967) problem, defined as Case 3, where P/D = 0. It should be noted that 
Case 2 is actually the problem of a slot opening in the ground. 
 
Figure 2-15 - Plane strain unlined circular tunnel, Case 1, (left) and plane strain tunnel heading, Case 2, (right) 
(Davies et al., 1980) 
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The lower bound solution was obtained by assuming a radially symmetric stress field around the 
tunnel. The resulting equation for Case 1, Case 2 and Case 3 are shown in Equation 2.2, 2.3 and 
2.4 respectively. 
 − / = 22 	 + 1  (2.3) 
 
 − / = 2 + 22 	 + 1  (2.4) 
 
 −  = 2 + 22 	 + 1  (2.5) 
 
In order to obtain upper bound solutions, several different failure mechanisms were assumed. 
Four such mechanisms, labelled upper bound mechanisms A, B, C and D, were assumed for Case 
1, as seen in Figure 2-16. Figure 2-17 shows the mechanism for Case 2. Case 3 adopts the same 









Figure 2-17 - Upper bound mechanism for Case 2 and Case 3 (Davies et al., 1980) 
Their analytical results were shown to agree well with experimental data. As seen in Figure 2-18, 
experimental collapse occurs between the calculated upper and lower bound solutions. For Case 
3, experimental collapse occurs very close to the lower bound solution. The experimental results 
for shallow tunnels (Case 1) are very similar to the upper bound solutions. For deeper tunnels 
the experimental results vary greatly from calculated solutions. Hence the Davies et al. (1980) 
concluded that such solutions are applicable to tunnels where C/D < 3. 
 




2.2.2 SLOAN AND ASSADI (1993) 
Sloan and Assadi (1993) obtained several upper and lower bound solutions for plane strain 
tunnels in soils with undrained shear strength increasing with depth. Their upper bound solution 
was obtained using a more complex seven-variable failure mechanism, Figure 2-19. 
 
Figure 2-19 - Seven variable failure mechanism (A. W. Sloan & Assadi, 1993) 
2.2.3 OSMAN, MAIR AND BOLTON (2006) 
Osman et al. (2006) proposed a simple theoretical framework to assess tunnel stability and the 
associated ground movements. Rigid block mechanisms were not used as they do not resemble 
the actual settlement profile or geometry of the actual ground surface, which is key to 
serviceability requirements of underground construction projects. Based on the work done by 
Peck (1969), (Rankin, 1988), and (Mair & Taylor, 1997), Osman et al. (2006) proposed that a 




Figure 2-20 -  Proposed plastic deformation mechanism (Osman et al., 2006) 
Assuming that the clay behaves as a Tresca material with no volume change, the tunnel volume 
loss is equal to the volume loss on the ground surface. By equating the virtual plastic work in 
distributed plastic shearing to the virtual loss of potential energy and the work done by the 
tunnel support pressure and surcharge on the ground surface, Osman et al. arrived at the work 
equation:- 
!  − "#$%&' +! "#&()*+ = ! ",&()*+-./0-./0
1.34$5
61.34$5  (2.6) 
 
where su is the undrained shear strength of the soil, γ is its unit weight, δv is the vertical 
displacement increment and Area is the area within the mechanism as shown in Figure 2-20. 
Osman et al. (2006) derived two equations for vertical and horizontal deformations which are 
     (2.7) 
    (2.8) 
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These equations are different from the surface settlement proposed by Peck (1969) which is a 
Gaussian distribution function, i.e. 
 = 7*' 8−12 '9 
3: (2.9) 
 
where sm is the maximum surface settlement and i is the distance from the tunnel centreline to 
the point of inflexion of the settlement trough. 
Osman et al. (2006) also extended on Broms and Bennermark (1967) stability ratio equation as 
to include soil with strength increasing with depth, following the profile 
 =  + ;< (2.10) 
 
where su0 is the undrained shear strength at the surface and ρ = dsu/dz is the rate of change of 
undrained shear strength with depth. This leads to the modified stability equation  
= = 8 −  + 	 >	 + 12?: × 8 11 + ;	 ⁄  	⁄ + 1 2⁄ : (2.11) 
 
where C is the depth to the tunnel crown and D is the diameter of the tunnel. 
Osman et al. (2006) showed that the upper bound theorems can be used to make predictions of 
deformation patterns as well as assessments on stability. As Figure 2-21 shows, the predictions 
of Equation 2-5 is very similar to the solutions obtained by Sloan and Assadi (1993). Figure 2-22 
shows the comparison of predictions of ground movements based on Equations 2.7 and 2.8 with 




Figure 2-21 - Comparison between the work done by Osman et al. (2006) and Sloan and Assadi in 1993 (Osman et 
al., 2006) 
 




There have been numerous different failure mechanisms recognised by different researchers, 
accompanied by a suitable upper bound formulation. However there has been no failure 
mechanism identified as yet for an opening in improved soil. 
2.3 STUDIES ON SQUARE/RECTANGLE TUNNEL STABILITY AND FAILURE MECHANISMS 
As mentioned in Section 1.2, square and rectangle tunnels are of particular interest for this 
research project. The following sections will discuss some of the research work done with 
respect to this topic.  
2.3.1 ASSADI AND SLOAN (1991) 
Assadi and Sloan (1991) examined the stability of a plane strain tunnel similar to that shown in 
Figure 2-23 by computing the upper and lower bound solutions using FEM, using a Tresca model 
for the soil.  
 
Figure 2-23 - Plane strain square tunnel (Assadi & Sloan, 1991) 
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Two failure mechanisms were proposed to check the upper bound solutions computed by FEM. 
These mechanisms can be seen in Figure 2-24. It was found that Mechanism A was more likely to 
occur in shallow tunnels while Mechanism B was more dominant in deeper tunnels. 
 
Figure 2-24 - Upper bound failure Mechanisms A and B (Assadi & Sloan, 1991) 
Stability was examined for both active and passive collapse. Active collapse is the typical and 
likely failure type while passive collapse results from action of the tunnel support pressure, with 
the surcharge and the soil weight acting as resistance. A summary of the results are shown in 
Figure 2-25 and Figure 2-26. They concluded that these results bracket the exact collapse load to 




Figure 2-25 - Stability bounds for active collapse (Assadi & Sloan, 1991) 
Figure 2-26 - Stability bounds for passive collapse (Assadi & Sloan, 1991) 
Sloan and Assadi (1991) also examined the undrained stability of square tunnels, in the situation 




Figure 2-27 - Square tunnel in improved soil (S. W. Sloan & Assadi, 1991) 
Similar methods were used to study this problem and the results are summarized in Table 2-2. 
Sloan and Assadi (1991) concluded that the upper and lower bounds are within 15% of each 




Table 2-2 - Summary of results of Stability Bounds (S. W. Sloan & Assadi, 1991) 
 
2.3.2 LYAMIN, JACK AND SLOAN (2001) 
Lyamin et al. (2001) examined the problem of drained loading on a square tunnel in cohesive-
frictional soils (see Figure 2-28) using finite element analysis with Mohr-Coulomb model. Several 
failure mechanisms were highlighted, as shown in Figure 2-29. Soils with high effective friction 
angle have more localised failure, whereas soils with a low effective friction angle undergo more 




Figure 2-28 - plane strain square tunnel in cohesive frictional soil (Lyamin et al., 2001) 
 
Figure 2-29 - Possible failure mechanisms (Lyamin et al., 2001) 
The results were compiled and plotted in dimensionless charts, as seen in Figure 2-30. Stability is 
defined in terms of the limiting tunnel support pressure that can be applied to the tunnel in 
order to prevent collapse. Lyamin et al (2001) determined that the numerical solutions bound 




Figure 2-30 - Stability bounds in cohesive frictional soils (Lyamin et al., 2001) 
2.3.3 WILSON, ABBO, SLOAN AND LYAMIN (2012) 
Wilson et al. (2012) expanded on Lyamin et al. (2001)'s work on square tunnels by considering a 
soil that increases in strength with depth. Lyamin et al. (2001) had used a uniform soil for its 
analysis. 
Wilson et al. (2012) proposed the following stability function:- 




While the exact form of the function f is unknown, Wilson et al. (2012) presents several design 
charts in terms of the dimensionless parameters listed in equation 2.12. These charts were 
obtained by conducting both a rigid-block upper bound methods as well as a finite element limit 
analysis. The suggested failure mechanisms used for the upper bound analysis computations are 
as shown in Figure 2-31.  
 
Figure 2-31- Proposed rigid-block mechanisms (Wilson et al., 2012) 
From these analyses, ranging several different tunnel geometries, an approximate equation for 
assessing tunnel stability was suggested. This was done by fitting a suitable mathematical 
expression to the numerical results. The equation is as follows:- 
 =  + >E?G (2.13) 
 
Where 
 = 1.3 >;E? >DE?
1.44 + 1.7 ln >DE? + 1.9 (2.14) 
 
G = MN
O−1.05 >DE? − 0.3														 >;E? < 0.15−1.01 >DE? − 0.24												 >;E? ≥ 0.15
 (2.15) 
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2.3.4 ABBO, WILSON, SLOAN AND LYAMIN (2013) 
Abbo et al. (2013) analysed the stability of rectangle tunnels in uniform soils. These rectangle 
tunnels are as illustrated in Figure 2-32. Similar to Wilson et al. (2012), a rigid block upper bound 
analysis and finite element limit analysis were carried out. These were then used to populate 
stability charts. Such charts were in terms of dimensionless parameters H/B, B/D and γD/cu. Also 
similar to Wilson et al. (2012), an approximate stability equation was fitted to the results of the 
numerical analysis. 
 
Figure 2-32 - Plane strain rectangular tunnel (Abbo et al., 2013)  
The suggested failure mechanisms are as shown in Figure 2-33. Mechanism A and B are more 
relevant for shallow tunnels. For deeper tunnels, failure includes a roof failure as well as wall 





Figure 2-33 - Failure mechanisms of rectangular tunnels (Abbo et al., 2013) 
2.3.5 SUMMARY 
As in the case of circular tunnels, although there are some tested failure mechanisms for square 
and rectangle tunnels, there has been no failure mechanism identified as yet for an opening in 
improved soil. A key lesson can be obtained from Lyamin et al. (2001) and Abbo et al. (2013), 
which stated that failure could involve some combination of roof and wall collapse 
2.4 STUDIES ON TUNNEL STABILISATION INTERVENTION 
The following sections will discuss the tunnel stability intervention studies that have been 
conducted to date. 
2.4.1 SHIN, CHOI, KWON AND LEE (2008) 
One method of tunnel stability intervention is the umbrella arch method, which is typically used 
in granular soils and involves grouting with pipes. Shin et al. (2008) reported on a study of this 
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construction technique. A schematic drawing of the umbrella arch method is shown in Figure 2-
34. 
 
Figure 2-34 - Schematic view of the umbrella arch method (Shin et al., 2008) 
Shin et al. (2008) reported on the results of a full scale experimental study of the umbrella arch 
method, with the goal of studying the reinforcement mechanism and improving design practice. 
Tests were carried out under four conditions; no improvement, pipes at the crown only, pipes at 
the face only and pipes at both the crown and face. Each of these conditions was further 
subdivided into tests with pipes that have 1 and 1.5 times the diameter of the tunnel. 
Shin et al. (2008) concluded that reinforcement pipes acts as embedded beams, which increases 
longitudinal load transfer and reducing stress concentration in the lateral direction. The pipes at 
the crown improve stability by reducing settlement and increasing vertical stresses, while pipes 
at the face would reduce displacements at the face. The critical length of pipe should be 1.5 
times the diameter, after which increase in length would not generate much improvement. 
2.4.2 YEO (2011) 
Yeo (2011) examined the stability of shallow tunnel headings with forepoles in the form of 
umbrella pipe arch using centrifuge models and upper bound plasticity analyses. 
Yeo (2011) found that the introduction of reinforcement changes the critical stability number. 
The results also show the eventual failure mechanism (see Figure 2-35) will also change with the 
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introduction of forepoles. The type of change induced depends on the embedded length as well 
as the total length of the forepole. This discovery is telling, as it clearly shows that one should 
expect different failure mechanisms when introducing any tunnel stabilisation intervention. 
  
Figure 2-35 - Failure mechanisms with forepoles (Yeo, 2011) 
2.4.3 KASUYA, INAGAWA, YAMAMOTO, MITSUI AND USHIDA (2013) 
Kasuya et al. (2013) proposes the use of the Geo-Flex Beam system for the prevention of cave-in 
of the face of a tunnel underneath existing infrastructure. It involves grout-infused packers 
installed underground by flexible drilling machinery. Figure 2-36 shows a schematic drawing of 
the Geo-Flex Beams system. 
 
Figure 2-36 - Schematic diagram of Geo-Flex Beams (Kasuya et al., 2013) 
Seven loading tests were carried out in the field, each involving two different types of packers 
which are made of different materials. The first tests did not involve any packers, while the 
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remaining tests included different numbers of Geo-Flex Beams. The test procedure is as shown 
in Figure 2-37. The results of the tests are shown in Figure 2-38. 
 
Figure 2-37 - Field loading test procedure (Kasuya et al., 2013) 
 
Figure 2-38 - Relationship between maximum load and number of beams (Kasuya et al., 2013) 
Figure 2-38 shows that maximum loading pressure which can be supported increases with more 
beams of the same material. Of the two different types of packers, Type A, which is made using 
polyurethane, tends to not perform as well as Type B, which is made using solid polyvinyl 
chloride. 
2.4.4 SUMMARY 
There are several methods to study tunnel stabilisation intervention, including centrifuge tests 
by Yeo (2011) and field tests by Shin et al. (2008) and Kasuya et al. (2013). While these are not 
exactly tests on cement admixed soil, some of the techniques used by these researchers can be 
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applied to this research project. However, there remains no study on tunnels specifically with 
cement-treated soil surrounds. 
2.5 STUDIES ON CEMENT ADMIXED SOIL 
The chosen method for improving the soil, as discussed in Chapter 1, is to mix it with cement. In 
this section, some studies done on cement admixed soil will be discussed. This is not a 
comprehensive of cement-soil treatment. Rather, the objective of this section is to demonstrate 
that cement-admixed soil is much stronger and more brittle than soft clay, and therefore the 
presence of a cement-treated soil surround is likely to alter tunnel failure modes and stability 
characteristics. Two recent studies of particular note were Chin (2006) and Xiao (2009), as they 
concern the treatment of Singapore Marine Clay, which is very commonly found in Singapore. 
2.5.1 TERASHI (1997) 
Terashi (1997) reported that the factors that influence the strength of cement treated soil can 
be divided into four different categories. These are characteristic of stabilising agent, 




Table 2-3 - Factors that influence strength of improved soil and their corresponding classification (Terashi, 1997) 
CATEGORIES FACTORS 
Characteristic of stabilising 
agent 
Type of stabilising agent 
Quality 
Mixing water and additives 
Characteristics and 
conditions of soil 
Physical, chemical and mineralogical properties of soil 
Organic content 
pH of pore water 
Water content 
Mixing conditions 
Degree of mixing 
Timing of mixing/re-mixing 





Wetting and drying/freezing and thawing, etc. 
 
2.5.2 CHIN (2006) 
Chin (2006) reported that with cement treated Singapore Marine Clay, samples under higher 
effective stresses (stresses close to or higher than isotropic yield stresses), that were sheared 
undrained have different behaviour than those that were sheared drained. It was found that 
samples that were sheared in undrained conditions reaches peak strength shortly after yielding. 
As for samples sheared in drained conditions first experiences a strain hardening stage after 
yielding, followed by strain-softening and slip plane formation.  
2.5.3 XIAO (2009) 
Xiao (2009) investigated the relationship between mix ratio (ratio of dry soil, cement and water) 
and strength of the cement admixed soil. Two different types of tests were carried out; 
unconfined compressive tests and Brazilian tests, which are tests of compressive and tensile 
strength respectively. A summary of the results are shown in Table 2-4. 
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Table 2-4 - Physical properties of cement treated soil after 7 days (Xiao, 2009) 
Mix Ratio 
Soil : Cement : Water 
Compressive 




10 : 1 : 11 220 29.97 0.136 
5 : 1 : 6 412 50.98 0.124 
10 : 3 : 13 559 67.44 0.121 
2 : 1 : 3 920 119.71 0.130 
2 : 1 : 4 385 56.71 0.147 
2 : 1 : 5 149 20.65 0.139 
2 : 1 : 5.5 114 18.55 0.163 
 
2.5.4 FATAHI AND KHABBAZ (2012) 
Fatahi and Khabbaz (2012) reported on unconfined compressive tests carried out on soft clays 
mixed with fibres. Three types of fibres were used, namely polypropylene, recycled carpet and 
steel. Indirect tension tests were also carried out to study the tensile behaviour of the fibre 
reinforced cement treated clay. 
Fatahi and Khabbaz (2012) reported that the fibre reinforcement increases the peak 
compressive strength. It also becomes less brittle, with the residual strength improving. The 
tensile strength of the cement treated clays can be increased by introducing fibres, though it 
was noted that polypropylene fibres do not affect tensile strength when in small quantities. 
2.5.5 SUMMARY 
Terashi (1997) highlights some of the factors that would influence improved soil strength, while 
Chin (2006) offers some insights as to what happens at the yielding point of this material. Xiao 
(2009) highlights the relationship between mix ratio and strength, which is important for the 
experiment as it is now know in what proportion to prepare the samples. Fatahi and Khabbaz 
(2012) illustrated that the mechanical properties of cement treated soils can be improved with 
the introduction of fibres. 
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2.6 SPATIAL VARIABILITY OF CEMENT TREATED SOIL 
Apart from the fact that cement-admixed soil is much stronger and more brittle than soft clay, it 
is spatially more variable. This section will discuss works done on the spatial variability of cement 
treated soil. This includes accounting for random weak areas and how this can be factored into 
the design process. 
2.6.1 NAMIKAWA AND KOSEKI (2013) 
Namikawa and Koseki (2013) reported on a numerical study involving cement treated columns 
with spatially varying unconfined compressive strengths. The study explored the difference in 
unconfined compressive behaviour with varying scale of fluctuation θ of 0m to 1m on a 1m 
diameter column.  
The results, as shown in Figure 2-39, indicate that the peak stresses of the column vary as θ 
increases. The mean strengths at each θ were tabulated and are as shown in Figure 2-40. It 
shows that there is a critical value for θ. 
 





Figure 2-40 – Sample mean of overall strength mQu as a function of scale of fluctuation and coefficient of variation, 
Vc (Namikawa & Koseki, 2013) 
The study concluded that at either high spatial variability or very low scale of fluctuation, the 
column fails at a stress closer to that of the strength of a homogeneous column.  This is as the 
potential failure zones are more widely distributed along the column. Conversely at the critical 
scale of fluctuation, the column fails locally at a weak region. 
2.6.2 KASAMA, WHITTLE AND ZEN (2012) 
Kasame et. al. (2012) reported on a numerical study of bearing capacity of improved soils using 
random field theory and Monte Carlo simulations. The coefficient of variation (COV) was varied 
between 0.2 and 1.0 with a normalised scale of fluctuation of 1.0 across all simulations. 
Kasama et al. (2012) concluded that after 1000 realisations, the mean bearing capacity of the 
improved soil would not vary greatly, as seen in Figure 2-41. This would indicate that, for this 
particular problem, 1000 is the minimum number of simulations that need to be carried out in 




Figure 2-41 - Summary of statistics of mean bearing capacity factor as functions of the number of simulations 
(Kasama et al., 2012) 
2.6.3 LIU (2013) 
Liu (2013) reported on a random finite element analysis on a cement treated soil layer. It was 
found that the COV of the cement treated soil has a negative effect on its design parameters. An 
increase of COV from 0.25 to 0.55 would result in a 15% reduction of both the failure stress and 
the working stiffness. For COV values smaller than 0.25, it was found that the reduction was not 
significant. 
2.6.4 SUMMARY 
All the existing studies on spatial variability and random finite element analysis of improve soils 
involve simple loading conditions. The soils are all exclusively under compressive stresses. It is 
still unknown what the stress conditions would be when the improved soil is used to provide 
stability to an underground opening.  
It is possible that the parts of the improved soil surround may be under tensile stresses. This has 
not been explored by other researchers to date. 
49 
 
2.7 OUTSTANDING ISSUES 
There has been numerous research studies conducted on tunnel stabilities since Broms and 
Bennermark (1967). Despite that however, there still are many areas that can be explored, 
critically in the subject of tunnel stability in soils that are not uniform. While the issue of tunnel 
stability in stratified soil has been explored to a certain extent, notably by Caporaletti et al. 
(2009), there has been no study for tunnels embedded in improved soil surrounds.  
It is worth noting that any planned ground improvement project will radiate around the 
circumference of the tunnel (see Figure 1-6), resulting in the soil body being neither uniform nor 
stratified, but something else altogether. Studies done on tunnel stability intervention, such as 
that presented by Yeo (2011), provides useful input as to how such problems can be studied 
experimentally. 
In summary, the matter of tunnel stability in improved soils needs to be explored as the current 
state of the art is clearly lacking on the subject. The main issues which need to be addressed, 




Table 2-5 - Outstanding issues and corresponding methods of investigation 
ISSUES METHOD OF INVESTIGATION 
Failure Modes of the improved soil 
Most unimproved soils fail by shear and in a ductile 
manner. However, cement-admixed soils are known to 
be brittle and may fail by tension. There is therefore a 
need to map the possible failure models of the 
improved soil support 
The cement treated soil is slowly extricated 
after the conclusion of each experiment. 
Locations of cracks as well as their physical 
appearance are noted. These will aid to 
identify the type of cracks. 
Failure Definition 
In most conventional geotechnical design, failure is 
often defined as an idealized end-state wherein very 
large deformation has occurred and no further 
changes in stresses can occur. For instance, in the 
cases discussed above, failure is associated with fully 
developed rupture surfaces. In the case of a brittle 
material, it may not be possible to define failure as 
such, or alternatively, different definitions of failure 
may be required. 
Stress transducers are placed around the 
improved soil layers. Such brittle failures 
would likely result in sudden changes in 
stress, which can be recorded by these 
sensors. 
Stability Ratio Definition 
The stability ratio definitions by Broms and 
Bannermark (1967) does not allow for the possibility 
of improved soil support. Hence, some changes to the 
definition may be needed. 
The results of the physical and numerical 
experiments will be used to identify relevant 
parameters, which can then be added to the 
stability ratio formulation. 
Failure Mechanisms 
This is closely associated with the failure modes 
above, and will likely be different from those of 
tunnels in unimproved soil. 
A new HD camera is attached to the frame of 
the centrifuge. This can record in real time 
the crack formation and other large scale 
deformations. 
Random Analysis 
It is unknown what the stress conditions would be for 
the improved soils when used to stabilise tunnels. 
Finite element software used modified to 





3 EXPERIMENT DEVELOPMENT AND PROCEDURES 
This chapter defines the research problem and presents the experimental procedures used to 
study it. 
3.1 REPRESENTATIVE PROBLEMS OF UNDERGROUND OPENINGS WITH IMPROVED SOIL 
SUPPORT 
Underground openings can potentially have highly complex geometries. However, since little is 
known of the mechanics of the improved surround and its interaction with the surrounding soil, 
starting with simple configurations has the advantage of allowing the mechanics to be more 
readily studied. In this study, only circular and square tunnels with improved soil surrounds will 
be studied herein. The relevant geometric parameters and physical properties are listed in 
Tables 3-1 and 3-2. 
Table 3-1 - Experimental parameters for circular cavities 
Geometric parameters Physical parameters 
 
Cu1 - Undrained shear strength of 
surrounding soil at springline 
Cu2 - Undrained shear strength of 
improved soil  
σs - Surcharge on the surface 










Table 3-2 - Experimental parameters for square cavities 
Geometric parameters Physical parameters 
 
Cu1 - Undrained shear strength of 
surrounding soil at springline 
Cu2 - Undrained shear strength of 
improved soil  
σs - Surcharge on the surface 
σT - Tunnel support pressure 
 
Most of the parameters are similar to those studied by Mair (1979). The only difference is the 
presence of the improved soil layer, which introduces three new variables to the tunnel stability 
problem; namely the thickness t, undrained shear strength cu2 and tensile strength σtensile of the 
improved soil layer. 
3.2 OVERVIEW OF EXPERIMENTS 
Two sets of physical models were conducted in this study, as shown in Table 3-3. These are the 
1-g scale model tests and the 100-g centrifuge tests. 1-g tests have been used by previous 
researchers to study tunnels (Casarin and Mair (1981), Ahn et al. (2006)). They have also been 
used specifically to study tunnel stabilization intervention techniques (Kasuya et al., 2013).  
 
  






Table 3-3 - Experimental conditions 
 Scale Model in 1-g conditions (with 
increasing surcharge) 
Centrifuge Model in 100-g conditions 
Test 
Objectives 
The absence of a significant 
effective stress gradient is akin to  
very deep large diameter tunnels 
Used to simulate shallow large 
diameter tunnels wherein stress 
gradient effects are more significant. 
Stability and failure conditions to be studied 
Observe failure mechanism(s); carry out failure mapping 
 
As illustrated in Figure 3-1, in a very deep tunnel, the difference in overburden stress between 
the crown and the invert of the tunnel is relatively small compared to the ambient stress e.g. the 
stress at the springline. This is as if the depth to crown z is very large compared to the diameter 
of tunnel D, then the ratio of vertical stress at the top of the tunnel (γd) to that at the bottom of 
the tunnel (γ.(D+z)) is approximately 1. In this sense, the relatively low stress gradient in a 1-g 
model, compared to the ambient overburden stress, approximately resembles the condition in a 
deep tunnel.  
 
Figure 3-1 - Deep tunnel 
Deep tunnels are not readily modelled in a centrifuge since there is insufficient headroom to 
replicate the deep overburden and additional surcharging means will still be required. For 
shallow tunnel, the situation is the opposite. The difference in overburden stress between the 
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crown and the invert of the tunnel is relatively large compared to the ambient stress, e.g. the 
stress at the springline, and therefore needs to be modelled. The overburden is also relatively 
shallow and can be modelled in a centrifuge. Hence shallow tunnels are ideally suited to 
centrifuge modelling. 
In addition to physical model tests, numerical analyses were also conducted to infill the 
parametric range so as to develop methods of characterizing the stability of the underground 
opening in improved soil. 
3.3 TEST METHODOLOGIES 
The methodology of the 1-g model tests are illustrated in Table 3-4 while that of the centrifuge 
model tests are illustrated in Table 3-5. In 1-g model tests, loading is often applied using 
hydraulic actuators or dead weights on the soil surface. For the 1-g tests in this project, a 
hydraulic actuator is used. The centrifuge tests followed the approach used by Yeo (2011), 
wherein tunnel excavation was modelled by drainage of heavy liquid from the tunnel cavity.  
In previous studies, compressed air (Mair (1979), Calvello & Taylor (1999)) or heavy zinc chloride 
solution (Lade et al. (1981), Yeo (2011)) have been used. However, as zinc chloride is a skin 
irritant, in this study, the heavy liquid used was potassium iodide. The potassium iodide solution 




Table 3-4 - Steps involved in the 1-g experiment 
1 
 
The clay bed, consisting of kaolin clay and of 
specified undrained shear strength, cu1, 
shall be placed in a box of dimensions as 




The improved soil ring, made up of a 
mixture of marine clay, cement and water 
and of a specified undrained shear strength 
cu2, shall be installed in the clay bed. 
 
The cavity of the ring is initially filled with 
dense sand. Its eventual removal simulates 
the excavation process. 
3 
 
A surcharge is applied on the surface 
supplied by means of an external hydraulic 
actuator. 
 
A rubber bag filled with water is placed in 
between the hydraulic actuator and the 
surface. This ensures that the surcharge 
remains uniform regardless of the surface 
deformation. 
 
Surcharge is slowly increased till failure. 






Table 3-5 - Steps involved in the centrifuge experiment 
1 
 
The clay bed, consisting of kaolin clay and of 
specified undrained shear strength, cu1, shall 
be placed in a box of dimensions as seen on 




The improved soil layer, made up of a 
mixture of marine clay, cement and water 
and of a specified undrained shear strength 
cu2, shall be installed in the clay bed. 
 
The cavity of the ring is initially filled with 
potassium iodide, which has a density 
equivalent to the clay. Its eventual removal 
simulates the excavation process 
3 
 
The strong box is placed in the centrifuge 
and accelerated to 100g. 
 
After the consolidation process the tunnel 
cavity is slowly drained to observe the 





3.4 MATERIALS  
The experiments involved three different materials. The surrounding soil consisted of kaolin clay, 
while the improved soil layer was an admixture of Singapore upper marine clay and Ordinary 
Portland Cement. The physical properties of the Malaysian kaolin clay used are shown in Table 3-
6. 
Table 3-6 - Properties of kaolin clay 
PROPERTY MAGNITUDE 
Liquid Limit (LL) 80% 
Plastic Limit (PL) 40% 
Plasticity Index (PI) 40% 
Specific Gravity, Gs 2.65 
Compression index, Cc 0.64 
Swelling index, Cs 0.13 
Effective friction angle, φ' 25o 
Critical state Parameter, λ 0.27 
Critical state Parameter, κ 0.06 
Critical state Parameter, Γ 3.265 
Critical state Parameter, M 1.02 
 
The improved soil ring was formed from Singapore upper marine clay and Ordinary Portland 
Cement (OPC). These particular materials are chosen as it leverages on the expertise available at 
NUS; significant work has already been conducted on the properties of treated soil involving the 
combination of these two materials, most notably by Lee et al. (2005), Chin (2006), Xiao (2009) 




Table 3-7 - Chemical composition and physical properties of OPC (Sun, 2008) 
 
The upper marine clay is obtained from a depth of 15-20m at a Combined Services Tunnel (CST) 
project site in Marina Bay, at 1° 16' 33.0486" latitude and 103° 51' 38.3322" longitude (see 
Figure 3-2).  
 
Figure 3-2 - Site of CST (https://maps.google.com.sg/maps?hl=en) 
Unconfined compression and split cylinder tensile tests following BS3777 were conducted on an 
admixture with soil, cement and water mass ratios of 2:1:3; this is equivalent to 50% cement 
content and 100% water content. Five sets of unconfined compressive tests and Brazilian tests 
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were carried out, in order to find the 7 day compressive and tensile strength respectively. The 
results from these series of tests are shown in Table 3-8. 
Table 3-8 - Results of series of UCTs and Brazilian tests 
Test No. 
Unconfined Compressive Test Brazilian Test 
q (kPa) 
% difference from 
average q 
σtensile (kPa) 
% difference from 
average σtensile 
1 893 1.48 124 2.48 
2 912 3.63 127 4.96 
3 864 1.82 115 4.96 
4 840 4.55 121 0 
5 893 1.47 119 1.65 
 
 Average q: 880kPa Average σtensile: 121kPa 
 
As Table 3-8 shows, both parameters fluctuate within a range of about ±5%. Comparison of 
Table 3-8 with Table 2-4, shows that unconfined compressive strength and tensile strength differ 
from Xiao’s (2009) values by approximately 4.3% and 1.1%, respectively.  
3.5 1-G MODEL TEST PROCEDURE 
The 1-g experiment would consist of four different phases. These are as discussed in the 
following sections. 
3.5.1 PHASE 1 - PREPARATION OF KAOLIN CLAY BED 
The strongbox in which the model test was to be conducted has a valve installed at the side near 
to the base to allow drainage of water. The inside walls of the strongbox are given a coating of 
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petroleum jelly to minimize wall friction. A 5-cm layer of sand overlain by a layer of geotextile 
(for filtration purposes) was placed at the base of the strongbox prior to slurry placement, to 
facilitate drainage. 
The kaolin clay slurry was initially mixed with water to a water content of 120% under 85kPa 
vacuum suction, to minimise the possibility of trapping air voids. The mixing process typically 
took more than 3 hours. The clay was then transferred to the strongbox, which was pre-fitted 
with an extension to accommodate the initial larger depth of the pre-consolidated slurry.   
The clay slurry was allowed to consolidate on its own weight for a day. Then a loading plate was 
placed on the surface of the clay, and a surcharge is added, either by means of metal plates or a 
hydraulic actuator, until the prescribed overburden pressure of 55kPa reached. This is to achieve 
an undrained shear strength of the clay bed of 20kPa. The clay was allowed to consolidate, after 
which the extension was removed. This final state was shown in Figure 3-3. 
 
Figure 3-3 - Clay bed at end of consolidation stage 
This strength was chosen as the soil needs to be stiff enough such that the improved soil layer 
can be installed without the surrounding soil collapsing. In the centrifuge this would result in the 
soil near the surface to be slightly over-consolidated. This will be discussed further in Chapter 5. 
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3.5.2 PHASE 2 - PREPARATION OF IMPROVED SOIL RING  
The marine clay was first separated from larger particles, such as sand and rocks. This was done 
by wet-sieving it through a custom-built mechanized sieve with opening size of 1mm, mounted 
on a vibrating table (see Figure 3-4). The sieved clay was mixed with water in a vacuum mixer, as 
seen in Figure 3-5. The purpose of this step is to remove as much air and voids as possible from 
the clay and to achieve consistent and uniform water content. The mixing blade of the vacuum 
mixer was designed specifically for mixing viscous materials. 
 
 
Figure 3-4 - Mechanised sieve used (left) and the process of cleaning the marine clay (right) 
  
Figure 3-5 - Vacuum mixer (left) and mixing blade (right) 
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Several samples of the marine clay were then removed, for the purposes of measuring water 
content. The clay was then packed in plastic bags with air-tight seals and stored in at room 
temperature until it was to be used. 
The improved soil ring consists of a prescribed ratio of soil, cement and water, with a small 
quantity of Rheobuild 1000 super-plasticizer to increase workability. The amount of super-
plasticizer used was 10ml of super-plasticizer for every kilogram of dry soil. Mixing was done in a 
medium sized mixer (see Figure 3-6) for no longer than 10 minutes to prevent setting of the 
cement prior to placement. 
 
Figure 3-6 - Mixing of the soil, cement and water 
The mixture was then poured into the mould for casting of the improved soil ring (see Figure 3-
7) via a polythene bag with a narrow opening (see Figure 3-8). During this pouring process, the 




Figure 3-7 - One of the collapsible improved soil ring mould  
 
Figure 3-8 - Piping mixture into the mould 
The mould used for these experiments were made of nylon and were specially designed to be 
collapsible. The mould comprised of four separate segments, which can be fitted together to 
form a ring. The collapsible feature allows for easy de-moulding, while at the same time reducing 
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as far as possible disturbances to the soil. Different mould sizes were used, depending on the 
required thickness of the improved soil layer. 
Several samples were taken from this mixture of cemented-admixed marine clay (see Figure 3-9) 
for unconfined compressive tests (UCT), (see Figure 3-10). These UCT samples were allowed to 
cure under water for a period of 7 days. The UCTs were only conducted on the day of the actual 
experiment to ensure consistency in curing period. The undrained shear strength is taken to be 
half of the unconfined compressive strength. 
 
Figure 3-9 - Three samples are taken from the mixture 
 
Figure 3-10 - A UCT being carried out 
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3.5.3 PHASE 3 - INSTALLATION OF IMPROVED SOIL RING INTO SOIL MODEL 
After curing for 4 days (that is 3 days before testing), the improved soil ring was de-moulded, 
and instruments were attached. The strong box was laid out horizontally and its plexiglass 
window removed to allow the improved soil ring to be installed from the front. Prior to 
installation, a coring tool was used to cut a cavity in the kaolin so that the improved soil ring 
could be placed (see Figure 3-11). 
 
Figure 3-11 - Cutting of tunnel cavity 
Figure 3-12 shows the cutting tools. The outer diameter of the coring tool was designed to be 
~2mm wider than the outer diameter of the improved soil ring; this is to ensure that there is 
enough space for the instruments to be embedded. As Figure 3-12 shows, the cutting edge of 
the coring tool resembles a soft clay sampler. It has an outer clearance to reduce the tendency 
of soil sticking to the outer wall of the cutting tool, making it easier to create the cavity while 
reducing the level of shearing disturbance on the soil. This minimizes disturbance to the soil on 





Figure 3-12 - Coring tool for circular openings (left), rectangular openings (middle) and their cutting edge (right) 
Total stress transducers were attached to the crown and invert of the improved soil ring (see 
Figure 3-13) prior to insertion into the clay bed, to enable stress measurements at these 
locations. Preliminary finite element analyses showed that, at the point of failure, there is likely 
to be significant changes in stresses at these locations. Pore-water pressure transducers were 
also installed into the clay bed at its mid depth to monitor consolidation.  
 
Figure 3-13 - Stress transducers placed at crown and invert of the improved soil ring 
TML "strain gauge type" pressure transducers were used for both the total stress and pore-
water pressure measurements. These transducers were manufactured by the Tokyo Sokki 
67 
 
Kenkyujo Company in Japan and have dimensions as shown in Figure 3-14 (left). For pore 
pressure measurement in the soil, the stress transducer was enclosed within a custom-built 
brass housing shown in Figure 3-14 (right) and its active face covered with a piece of porous 
filter plate. 
Figure 3-14 - Dimensions of total stress (left) and pore-water pressure (right) transducers 
For total stress measurements, the total stress transducers were installed by coring out a very 
small hole that was just larger than the transducer itself, near the crown and invert of the 
opening. This is done to minimize arching and ensure that the transducers are flush.  
In order to minimize stress measurements due to arching effects, the total stress transducers 
were calibrated by one-dimensional compression loading in soil (see Figure 3-15) against a 
calibrated external load cell. This allows soil arching to be accounted for in the calibration. 
 
Figure 3-15 - Calibrating stress transducer in soil 
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The improved soil ring was slightly longer than the inner width of the box. After it had been 
inserted in the cavity the excess length was shaved off. The contact between the improved soil 
ring and the plexiglass window was lined with plasticine (see Figure 3-16) to prevent ingress of 
kaolin clay into the cavity. A latex bag filled with dense sand was placed within the soil ring to 
support the opening up to the point of the experiment. The installation of the improved soil ring 
took approximately 4 hours.  
 
Figure 3-16 - Plasticine to keep water and clay out of the cavity 
After installation, the plexiglass window was re-attached to the strong box and the 
clay/improved soil ring was re-consolidated for another 3 days. This reconsolidation process is to 
remove any swelling that had occurred during the installation of the improved soil ring, and also 
to allow the soil clay to achieve a good contact with the improved soil ring. 
3.5.4 PHASE 4 - TEST CONDITIONS 
Cone penetration tests were conducted just before the model test to measure the strength of 
the clay bed. During the model test, the loading platen was raised briefly to allow a water-filled 
rubber bag (see Figure 3-17) to be placed on the surface of the kaolin. The purpose of the rubber 
bag is to ensure that the surcharge supplied by the hydraulic actuator will be uniform regardless 
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of the settlement of the soil surface. The placement of the water-filled bag took about 5 
minutes, during which the clay bed is expected to remain undrained. 
 
Figure 3-17 - Rubber bag filled with water 
The uniformity of the loading was assessed using a Tekscan pressure measurement system 
which allowed areal variation in pressure to be reflected in different contour colours. As seen in 
Figure 3-18, the colour is uniform indicating that the surcharge pressure is indeed uniform. 
Figure 3-18 - Tekscan pressure mapping system (left) and uniform load captured from rubber bag 
A circular port at the back of the strong box was then opened and the dense sand within the soil 
ring was removed. Failure did not occur at this stage, as the overburden pressure was still 
relatively low. The pressure in the hydraulic actuator was then gradually and continually 
increased via a speed controller (See Figure 3-19), to apply surcharge pressure onto the clay bed. 
A load cell was placed beneath the hydraulic actuator to measure the surcharge value. Loading 
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was continued until after failure had occurred. As will be discussed in Chapter 4.1, failure was 
reflected by no further increases in the load cell despite increasing displacement into the soil. 
 
Figure 3-19 - Speed controller 
3.6 CENTRIFUGE EXPERIMENT PROCEDURE 
The centrifuge experiment also involved four phases. The preparation of the kaolin clay and 
improved soil ring (Phase 1 and Phase 2) follows the same procedure as the 1-g test and will not 
be repeated herein. 
3.6.1 PHASE 3 - INSTALLATION OF IMPROVED SOIL RING INTO SOIL MODEL 
This phase was largely similar to that in the 1-g experiment (refer to section 3.4.3). However, 
there are a few key differences, notably in the preparation for the tunnel support pressure. For 
the centrifuge model tests, tunnel support pressure was applied using a heavy potassium iodide 
solution. After the ring has been installed in the clay bed, a fitting rubber bag (Figure 3-20 left) 
was placed within its cavity. The rubber bag had an opening that allowed drainage of the 
potassium iodide to the outside of the strongbox, as seen in Figure 3-20. The rubber bag was 
71 
 
then filled with potassium iodide which has a unit weight equal to that of the kaolin. In order to 
ensure that no air pockets trapped within the rubber bag, the strongbox was placed on its front 
face (the plexiglass side), and the rubber bag inserted from the back. 
 
Figure 3-20 - Rubber bag (left) and opening at the back of the strong box (right) 
Total stress transducers were attached to the crown and springline of the improved soil ring (see 
Figure 3-21) prior to insertion into the clay bed. For the rectangle tunnels the total stress 
transducers were placed at the mid-span of the roof of the improved soil box-section. 
Preliminary finite element analyses showed that, at the point of failure, there would be 
significant changes in stresses at these locations. Pore-water pressure transducers were also 




Figure 3-21 - Position of sensors relative to tunnel 
The opening was connected to a standpipe attached to the rear of the box (see Figure 3-20 
right). The potassium iodide level in the standpipe determines the pressure in the cavity. This 
could be regulated during the centrifuge run by a solenoid valve (see Figure 3-22), which could 
lower the fluid level in the standpipe as necessary. Pressure of the potassium iodide in the 
rubber bag was measured using a pressure transducer connected to the rubber bag and 
standpipe (see Figure 3-23). These sensors will record measurements at the springline level of 
the tunnel cavity. A metering valve controls the rate of flow of the potassium iodide solution out 
of the tunnel. 
 




Figure 3-23 - T-junction connection with water pressure transducer 
3.6.2 PHASE 4 - IN-FLIGHT TESTING PROCEDURES  
The in-flight procedure can be divided into three stages. In chronological sequence these are:- 
1. Swing-up stage 
2. Consolidation stage 
3. Tunnel support pressure reduction stage 
During the swing-up stage, the test sample was accelerated gradually from 1g to 100g in about 
10 minutes. At this point of time, the height of the potassium iodide column was adjusted so 
that the tunnel support pressure equilibrates the overburden pressure at springline  
This means that there would be some over-pressure at the crown and some under-pressure at 
the invert level. This is inevitable in tunnel modelling tests using compressed air or heavy liquid 
as tunnel support. However, previous research (Mair (1979), Yeo (2011)) showed that model test 
results are not significantly affected provided the level of over-pressure or under-pressure is not 
excessive.  
Water pressure transducer 
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After swing-up, the clay bed was allowed to consolidate under 100g model gravity until the pore 
water pressure transducers in the clay bed showed no further changes, indicating that 
consolidation had reached or was very close to completion. The consolidation process typically 
required about 10 hours.  
At this stage the strength of the surrounding soil is taken by carrying out a cone penetration test. 
This is double checked with vane shear tests conducted after the conclusion of the experiment. 
The potassium iodide is allowed to drain out of the tunnel cavity at a slow rate (approximately 
30 seconds) to simulate the excavation process. 
3.6.3 EXCAVATION MODELLING PROCEDURE 
In the centrifuge experiment, geostatic stresses were assumed in the soil prior to excavation, for 
the setting of the tunnel support pressure. In actual tunnelling or excavation, stress changes may 
be much more complicated. However, this does not detract from the objective of the model 
tests, which is to re-create an idealized stress field prior to loading or excavation perturbation. 
Another minor issue concerns with the method of reducing tunnel support pressure in the 
centrifuge. The accepted method now is to lower the fluid level in the standpipe till the required 
head is reached. However this can only be done to a certain extent. After a certain amount of 
reduction, fluid could no longer drain out of the tunnel. This is due to the fact that the opening 
in the strongbox leading to the standpipe is slightly higher than the lowest point of the improved 
soil ring's inner diameter (see Figure 3-24). Once the fluid in the standpipe fell below the level of 
drainage port, the remaining fluid would be trapped in the tunnel cavity. 
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Figure 3-24 - Illustration of issue with tunnel support pressure in centrifuge 
It is difficult to position the bottom of the improved soil ring exactly at the opening of the 
strongbox so that all the fluid could be drained. This is because the improved soil ring is 
expected to be displaced vertically downwards during the consolidation stage of phase 4, by an 
amount that is not straightforward to predict. However, this is unlikely to have a significant 
effect on the experiment since, when the potassium iodide reached this level, the support 







4 DISCUSSION OF 1-G CIRCLE TUNNEL TEST RESULTS 
As shown in Table 4-1, a total of 6 1-g model tests were conducted. The first series of 
experiments aimed to establish a baseline and ensured that the experimental procedure is 
repeatable. The next series studied the effects of the thickness/diameter (t/D) ratio on stability. 
The third series was aimed at studying the effect of undrained shear strength of both the 
surrounding soil and improved soil on stability. In subsequent discussions, the strength 
parameter of the improved soil surround used to describe the test is the undrained shear 
strength, which is taken to be half of the unconfined compression tests, following standard 
practice. Refer to Tables 3-1 and 3-2 to identify what each parameter represents. 
Table 4-1 - List of experiments and relevant parameters for circle tunnels 
Series Identifier Experimental parameters 
1. Baseline and 
repeatability 
1G-N20-308 
cu1 = 19kPa, cu2 = 308kPa,  
C=13cm, t = 3cm, D = 15cm, t/D = 0.2 
1G-N20-303_REP 
cu1 = 19kPa, cu2 = 303kPa,  
C=13cm, t = 3cm, D = 15cm, t/D = 0.2 
2. Varying t/D 
1G-N45-300 
cu1 = 20kPa, cu2 = 300kPa, 
C=15cm, t = 5cm, D = 11cm, t/D = 0.45 
1G-N27-326 
cu1 = 20kPa, cu2 = 326kPa,  
C=15cm, t = 3cm, D = 11cm, t/D = 0.27 
3. Effect of cu1 
and cu2 
1G-N20-226 
cu1 = 20kPa, cu2 = 226kPa,  
C=13cm, t = 3cm, D = 15cm, t/D = 0.2 
1G-O27-280 
cu1 = 60kPa, cu2 = 280kPa,  
C=15cm, t = 3cm, D = 11cm, t/D = 0.27 
 
However, as Chin (2006) and Xiao (2009) postulated, drained conditions probably prevailed for 
unconfined compression tests for cement-admixed soil with high cement content, primarily 
because of the high stiffness of the soil skeleton. Hence the “undrained shear strength” used 
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herein should merely be treated as nomenclature for half of the unconfined compressive 
strength; it does not imply a truly undrained situation.  
4.1 SOIL STRENGTH PROFILING 
Most of the tests (5 of 6) will be conducted in normally consolidated soils. These will have a 
uniform profile of around 20kPa, as seen in Figure 4-1. The last test will be done in over-
consolidated soil with an OCR of 3. This test will have a uniform profile of 60kPa. 
 
Figure 4-1 - Soil strength profile of all 1-g circle tunnel tests 
4.2 1-G EXPERIMENT RESULTS 
As discussed in Table 3-4, surcharge loading was applied to the model ground surface via a 
hydraulic actuator till failure was reached. The applied load was recorded using a load cell.  Load 
is increased by moving the load cell into the soil by means of a hydraulic actuator. Figure 4-2 
shows a graph of the applied load against actuator displacement for all the 1-g experiments. The 





Figure 4-2 - Graph of actuator load vs actuator displacement for all 1-g tests 
As Figure 4-1 shows, there is a consistent trend in the load-displacement curves for all tests. In 
all cases, the actuator load increased gradually up to a maximum value after which continued 
displacement did not result in any significant increase in loading. The maximum surcharge values 
for all tests are compiled in Table 4-2. This trend of behaviour suggests that failure occurs when 
the maximum surcharge value was reached, after which the system can no longer take any 
further increases in stress. 
Table 4-2 - Failure surcharge pressure for the different 1-G tests 
Test Identifier t/D Critical surcharge 
pressure (kPa) 
1G-N20-308 0.20 177 
1G-N20-303_REP 0.20 180 
1G-N27-326 0.27 233 
1G-N45-300 0.45 356 
1G-N20-226 0.20 145 




It appears from Table 4-2 that the critical surcharge would increase with increasing t/D and cu2. 
This will be further discussed in Section 4.2.1 – 4.2.3.  
The gradient of the load-displacement graphs is related to the stiffness of the improved soil 
layer. Lower cu2 and lower t/D ratio will have gentler gradients. This is clear when comparing 
1G-N20-308 with 1G-N20-226 for the effect of cu2 and comparing 1G-N20-308 with 1G-N45-300 
for the effect of t/D. The latter always have steeper gradients.  
This is sensible as cu2 and t/D has an effect on the flexural rigidity of the improved soil layer. It is 
therefore not physically consistent that this material has steeper gradients as the “stiffer” 
materials are not expected to deform much before failure as compared to the less “stiff” 
geometries. 
Further consistencies are observed upon physical inspection of the experiment after the 
conclusion of the test. Figure 4-3 shows the typical flow of the soil during failure for test 1G-N20-





Figure 4-3 - Failure in model test 1G-N20-303_REP. Load cell with actuator is at the top of the sample and out of 
frame. Plasticine detaching and ingress of clay into cavity initiated when the load-displacement curve reaches a 
plateau (Fig. 4-2) 
The trend of events leading to up to failure is similar for all the model tests. Prior to failure, the 
plasticine seal on the ends of the improved soil ring prevented soil inflow into the cavity. As 
illustrated in Figure 4-3, failure was marked by the breakage of the plasticine seal, allowing clay 
to flow into the cavity. Hence, the levelling-off of the load-displacement curve can be considered 
as a sign of incipient failure of the improved soil surround. 
Figure 4-4 and 4-5 show the improved soil surround, taken in-situ, after post-test excavation of 
the overlying soil in test 1G-N20-308. As can be seen, failure occurred via a long crack along the 
crown and invert, as well as a crack along each springline of the improved soil ring. During 
excavation of the overlying soil, care was taken to minimize disturbance to the improved soil 
ring. The pattern of cracking was highly consistent amongst all the 1-g model tests. In all cases, 




Figure 4-4 - Observed crack at the improved soil layer along the crown for Test 1G-N20-308 
 
Figure 4-5 - Observed crack at the side of the improved soil layer Test 1G-N20-308 
Figure 4-6 illustrates the three possible modes of crack separation. In most materials, the Mode 
1 fracture, that is the opening mode, is most often observed. As Figure 4-5 shows, this also 
appears to be the mode of fracture in the improved soil surround. This suggests that the 
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improved soil layer had failed in tension. Although this is atypical for soils, it is consistent with a 
failure mechanism in which the improved soil surround flattens in the vertical direction while 
pushing outwards laterally. 
 
Figure 4-6 - Three modes of crack separation (Afgrow, 2011) 
The improved soil rings were also exhumed to facilitate closer examination of the rupture 
planes. The rupture surfaces of all these samples shows sharp breaks with jagged edges, as seen 
in Figures 4-7 and 4-8. There was no evidence of plastic flow such as necking and plastic hinging, 
nor shearing and sliding such as grinding or powdering of the rupture surfaces. This supports the 
deduction that the rupture surfaces are due to brittle fracture. 
 




Figure 4-8 - Rupture surface of Test 1G-N27-300 
The recovered pieces of improved soil were placed on a blank piece of A3 size paper with a 
tracing of the (original) inner diameter of the improved soil. These pieces were then aligned to 
the tracing, such that the position of the cracks relative to each other can be marked out on the 
paper. An example can be seen in Figure 4-9. 
 
Figure 4-9 - Apparent position of cracks with relative to each other for Test Cent-N27-300 
The position of the crack relative to the crown was determined by drawing lines from the centre 
of the tunnel opening to the cracks, and measuring the angle formed between the crack and 
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crown (often also the location of the top most crack) being noted. A summary of all the relative 
crack positions measured clockwise from the crown (the crack at the crown is not listed as it is at 
0o) can be found in Table 4-3, while Figure 4-10 illustrates a typical failure mode of the improved 
soil layer. 
Table 4-3 - Relative crack positions for 1-g tests 
Identifier Left Crack Right Crack Bottom Crack 
1G-N20-308 258 o 97 o 165 o 
1G-N20-303_REP 267 o 69 o 177 o 
1G-N27-326 251 o 79 o 185 o 
1G-N45-300 267 o 83 o 190 o 
1G-N20-226 265 o 65 o 180 o 
1G-O27-280 258 o 92 o 175 o 
 
 
Figure 4-10 - Typical failure mode for 1-g tests. The original tunnel boundary is highlighted in green. Red line 
indicates typical crack positions. 
4.2.1 SERIES 1 ANALYSIS 
The objective of the series 1 experiments is to establish a baseline for the 1-g tests and to show 
that such results are repeatable. Hence the conditions of tests 1G-N20-308 and 1G-N20-303_REP 
are kept as similar as possible. As can be seen in Figure 4-2, the trend for tests 1G-N20-308 and 
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1G-N20-303_REP is consistent. The failure loads of 177kPa and 180kPa for tests 1G-N20-308 and 
1G-N20-303_REP respectively are also very similar, the difference being less than 2%. This 
suggests that these experiments are highly repeatable.  
The undrained shear strength of the improved soil surround cu2 of both tests, deduced from 
UCTs, is slightly different (308kPa for 1G-N20-308 and 303kPa for 1G-N20-303_REP). This is 
considered to be unavoidable, as while the experiment procedure has been codified and 
adhered to as best possible, some small difference may yet arise due to the limitations of the 
mixing process of the marine clay with cement.   
4.2.2 SERIES 2 ANALYSIS 
The objective of the series 2 experiments is to study the effect of the thickness-to-diameter (t/D) 
ratio on the failure of the improved soil surround. As Table 4-1 shows, two different t/D ratios, 
0.45 and 0.27 for tests 1G-N45-300 and 1G-N27-326 respectively, were studied and compared 
with the series 1 experiments, which had a t/D ratio of 0.2. The undrained shear strength of the 
surrounding soil and the improved soil layer were kept as similar as possible. 
As discussed earlier in section 4.1, the failure mode of tensile cracking at 4 places in the 
improved soil layer is consistent throughout all the 1-g experiments. Hence it can be concluded 
that for the t/D range between 0.2 and 0.45, failure mode is consistent. It is uncertain from the 
1-g experiments alone if this trend will continue for t/D ratios beyond this range.  
The failure load for tests 1G-N27-326 and 1G-N45-300 were 233kPa and 356kPa respectively. 
This represents a 32% and 101% improvement over the baseline test 1G-N20-308. This indicates 
that the t/D ratio has a positive effect on the overall stability of the system.  
It should be noted that these two tests have a “stiffer” response to loading as compared to the 
series 1 experiments. This is evidenced in Figure 4-2, with the actuator displacement required to 
reach the peak surcharge value decreases with increasing t/D ratio and is readily attributable to 
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the thicker improved soil surround. This suggests that the stiffness of the improved soil layer, 
which is also affected by its thickness, may factor towards the stability of the tunnel system. 
4.2.3 SERIES 3 ANALYSIS 
The objective of the series 3 experiments is to study the effect of undrained shear strength of 
the surrounding soil and improved soil on the stability of the tunnel system. Test 1G-N20-226 
used a lower undrained shear strength cu2 of the improved soil surround of 226kPa. This is 
achieved by using a soil to cement to water ratio of 2:1:4, rather than the 2:1:3 ratio used for all 
other 1-g tests. Test 1G-O27-280 uses over-consolidated kaolin clay, which has an undrained 
shear strength cu1 of 60kPa and OCR value of 3, as compared to all other tests which has a cu1 
value of approximately 20kPa and a corresponding OCR of 1. 
Similar to the series 2 experiments, the series 3 experiments has a similar failure mode (cracking 
of the improved soil layer) as the series 1 experiments. This suggests that if the improved 
material is an order higher than the surrounding soil, the failure mode will remain unchanged. It 
remains uncertain if this failure mode will persist if both soils’ undrained shear strength were of 
the same order.  
Test 1G-N20-226 has a failure load of 145kPa, which represents an 18% reduction over the 
baseline test 1G-N20-308. The difference between the undrained shear strength of the 
improved soil surround is 82kPa, which is a 27% reduction. This indicates that the undrained 
shear strength of the improved soil surround does have an effect on tunnel stability. 
Test 1G-O27-280 is compared with test 1G-N27-326 as they are the most similar, with exception 
of the undrained shear strength of the surrounding soil. The failure load for test 1G-O27-280 is 
262kPa as compared to 233kPa for test 1G-N27-326, which represents a 12% improvement. This 




4.3 FACTORS TO CONSIDER FOR THE 100-G STUDY 
Only one failure mode was observed throughout all the 1-g experiments. The centrifuge 
experiments would be able to simulate a more realistic surround soil strength profile (linearly 
increasing with depth) as compared to the 1-g experiments (uniform). It must be studied if this 
would change the failure mode. 
The settlement profile cannot be observed for the 1-g tests as it is loaded from the surface. The 
centrifuge experiments would not have this limitation and would be able to be measured. 
However if the failure mode of the centrifuge experiments is the same as the 1-g experiments 
the settlement trough may not be significant as the improved soil layer largely retains its circular 
shape (resulting in insignificant volume loss) even after cracking. 
The excavation procedure of the centrifuge experiments would be more representative of real 
world construction procedure as compared to the 1-g experiments. It should be studied if this 
more realistic experiment procedure would result in different failure loads or failure modes. 
It is yet unknown if the stability number proposed previously will be valid for the centrifuge 
tests. Potentially a different value of X would be needed, as the soil strength profile for the 1-g 
test will differ from that of the centrifuge test.  
4.4 CONCLUSION 
The series 1 experiments is successful in establishing a baseline for tunnels with an improved soil 
layer. A clearly defined failure point, as well as the mode of failure, was identified. The second 
experiment in this series shows that such results are repeatable. 
The series 2 experiments show that the dimensionless parameter t/D has a positive effect on 
stability. An increasing t/D ratio would result in a larger failure load, which indicated greater 
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stability. This series of experiments also shows that the failure mode of such tunnel systems 
remain constant over the t/D range 0.2-0.45. 
The results of the series 3 experiments show that the undrained shear strength of both the 
surrounding soil as well as the improved soil layer has a positive impact on the stability of the 
tunnel system. A larger failure load was recorded if the undrained shear strength of the 
improved soil or surrounding soil was increased. Similar to the series 2 experiments, no new 








5 DISCUSSION OF CENTRIFUGE CIRCLE TUNNEL TEST RESULTS 
This chapter discusses the results of the centrifuge tests. A total of eight different tests were 
planned and carried out; their corresponding experimental parameters are listed in Table 5-1. 
The centrifuge experiments are able to simulate a more realistic surround soil strength profile 
(linearly increasing with depth) as compared to the 1-g experiments (uniform).  
Table 5-1 - List of experiments and relevant parameters for circle tunnels 
Series Identifier Experimental parameters 
1. Baseline and 
repeatability 
CIRC-N20-300 
cu1 = 24kPa, cu2 = 300kPa,  
C = 15cm, t = 3cm, D = 15cm, t/D = 0.20 
CIRC-N20-304_REP 
cu1 = 23kPa, cu2 = 304kPa,  
C = 15cm, t = 3cm, D = 15cm, t/D = 0.20 
2. Varying t/D 
CIRC-N27-303 
cu1 = 24kPa, cu2 = 303kPa,  
C = 17.5cm, t = 3cm, D = 11cm, t/D = 0.27 
CIRC-N33-300 
cu1 = 23kPa, cu2 = 300kPa,  
C = 17cm, t = 4cm, D = 12cm, t/D = 0.33 
3. Varying cu2  
CIRC-N20-226 
cu1 = 20kPa, cu2 = 226kPa,  
C = 15cm, t = 3cm, D = 15cm, t/D = 0.20 
CIRC-N45-220 
cu1 = 20kPa, cu2 = 220kPa,  
C = 18cm, t = 5cm, D = 11cm, t/D = 0.45 
CIRC-N27-366 
cu1 = 23kPa, cu2 = 366kPa,  
C = 18cm, t = 3cm, D = 11cm, t/D = 0.27 
CIRC-N33-720 
cu1 = 22kPa, cu2 = 720kPa,  
C = 17cm, t = 4cm, D = 12cm, t/D = 0.33 
*soil unit weight is 16kN/m
3
 
The first series of experiments is to establish a baseline and ensure that the experimental 
procedure is repeatable. Once this has been determined, the next series of experiments can 
begin, which studies the effect that the thickness-to-diameter (t/D) ratio has on stability. 
Subsequently the effect of the undrained shear strength of the improved soil surround on 
stability will be examined.   
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5.1 SOIL STRENGTH PROFILE 
As mentioned in Section 3.4.1, the kaolin clay bed for all the centrifuge experiments was 
consolidated under a uniform load of 55kPa in 1-G conditions. In the consolidation stage of the 
centrifuge tests, the soil would be experiencing stresses that increase with depth. These two 
stress conditions are as illustrated in Figure 5-1.  
 
Figure 5-1 - Stress history of clay bed 
Figure 5-1 shows that the top 9m approximately of each test would be over consolidated. 
However each of the improved soil layers would be installed far deeper than that depth, 
therefore being exclusively in normally consolidated soils. 
As mentioned in Section 3.6.2 vane shear tests conducted after the conclusion of the tests are 
used to obtain the soil strength profile. These are as shown in Figure 5-2. By inspection it can be 
seen that the soil strength profile for each test are very similar. The linear relationship between 




Figure 5-2 - Strength profile for all the circular centrifuge tests  
 




5.2 SERIES 1 - BASELINE AND REPEATABILITY 
As stated in section 3.6, tunnel excavation in centrifuge tests was simulated by drainage of heavy 
liquid from a rubber bag inserted into the tunnel interior. The initial tunnel support pressure is 
set to in equilibrium with the initial stresses of the surrounding soil. At the start of the test the 
tunnel support pressure was slowly decreased with time which simulates excavation. Total stress 
sensors placed at the top and side of the improved soil layer monitored stress readings at these 
locations concurrently. 
Figure 5-4 shows the total contact stress (i.e. earth pressure) between the improved soil 
surround and the surrounding soil at the crown and springline as tunnel support pressure is 
decreased. As can be seen, as the tunnel support pressure reaches approximately 153kPa, the 
earth pressure at the crown decreases abruptly while that at the springline spikes upwards 
before dropping back to a lower level, which is nonetheless still higher than the initial earth 
pressure.   
 
Figure 5-4 – Test data for CIRC-N20-300 
The reasons that the pressure sensor at the top records a sudden drop in stress at failure while 
the sensor at the side experiences the opposite can be attributed to the collapse mechanism of 
the improved soil ring postulated in the previous chapter, which takes the form of squashing of 
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the improved soil surround. As the crown of the improved soil surround collapses, contact stress 
between the improved soil surround and the soft clay decreases. This is shown as the drop in 
stress recorded by the top sensor.  
Concurrently, the kaolin clay at the sides of the tunnels goes into a passive state as the improved 
soil layer moves outwards laterally (Figure 5-5), similar to that of the 1-g tests (see Figure 4-10). 
This is reflected as a (transient) increase in stress recorded by the sensor at the springline.  
 
Figure 5-5 – The deformation of the improved soil ring and relative movement of the surrounding soil as a result of 
excavation. The dotted lines represent the original inner diameter of the improved soil ring 
It is difficult to determine with great certainty to the significance of the recorded peak value of 
the sensor at the springline. This is as the sensors, which have been attached to the outer 
diameter of the improved soil layer, have been displaced as a result of the failure of the 
improved soil layer. This means that it is in a different position than it was at the start of the 
experiment.  
In the post-test analysis of the sample, the surrounding soil is removed and some of these 
sensors were not found in a vertical position as initially installed, though this may have been 
caused by the removing of the surrounding soil. Once again it is hard to determine the real cause 
of the displacement. In addition the displacement may have caused the wires leading out of the 
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transducers to be pulled or pushed together, which as seen in subsequent tests cause the 
sensors to be damaged and not have any readings recorded.  
While it is certain that these sensors are working as intended prior to failure, as the 
measurements corresponds with calculated values of horizontal and vertical stresses at those 
locations with a K0 value of 0.51, after the event of failure there are a lot of uncertainties. As 
such the residual readings of these sensors post-failure is deemed to not be very meaningful. 
This mechanism is consistent with the crack patterns seen in the improved soil surround after 
the tests. As Figure 5-6 shows, cracks were formed along the crown, springline and base of the 
improved soil later; this being similar to the crack pattern observed in the 1-g model tests. The 
failure mode is illustrated in Figure 5-5. Hence, the tunnel support pressure at this point is 
hereafter taken to be the critical tunnel support pressure.  
 
Figure 5-6 - Cracks formed in the improved soil layer of test CIRC-N20-300 
As seen in Figure 5-7, the surface of the test remains relatively flat, with no obvious settlement 
trough, even though there is some ingress of soil along the viewing window. As Figure 5-6 
shows, even after cracking the improved soil layer has managed to retain its circular shape, 
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albeit slightly "flatter" due to the formation of cracks. This means that volume loss of the tunnel 
is minimal, which in turn results in a negligible settlement trough 
 
Figure 5-7 - Surface (red dotted line) and original tunnel location (green dotted line) of test CIRC-N20-300 after 
failure 
This was also confirmed subsequently after a computer analysis of the test images of the 
surface. By digitizing these images, the movements of the surface can be tracked. The program 
used for this was OriginPro 8.6. These movements were found to be negligible (<2mm).  
The rupture surfaces all show sharp breaks with jagged edges, as seen in Figure 5-8. There was 
no evidence of plastic flow such as necking and plastic hinging, nor shearing and sliding such as 
grinding or powdering of the rupture surfaces. This, along with the position of the cracks with 
respect to each other, suggests that these are brittle fractures due to tension or bending rather 




Figure 5-8 - Rupture surface of CIRC-N20-300 
Test CIRC-N20-304_REP was carried out subsequently with the objective of studying the 
repeatability of the results obtained in test CIRC-N20-300. The undrained shear strength of the 
improved soil in CIRC-N20-300 and CIRC-N20-304_REP are 300kPa and 304kPa (see Table 5-1) 
respectively. As in the case of the 1-g model tests, there is a slight variation in strength even 
though the same mix ratio was used for both tests.  
Figure 5-9 shows the test data recorded for test CIRC-N20-304_REP. Unfortunately the total 
stress sensor at the springline of the improved soil layer was damaged during the consolidation 
stage of the test and thus unable to record any readings during the excavation process itself. 
Nonetheless, the total stress sensor at the crown was able to capture a drop in stress at a tunnel 
support pressure of 144kPa, which is remarkably similar to that of CIRC-N20-300. The difference 
in critical tunnel support pressure recorded in both tests is 6%, indicating a high degree of 
repeatability in the tests. In addition, as seen in Figure 5-10, cracks in the improved soil were 




Figure 5-9 - Test data for test CIRC-N20-304_REP 
 
Figure 5-10 - Cracks in improved soil ring for test CIRC-N20-304_REP 
5.2.1 CONCLUSION 
Test CIRC-N20-300 is successful as a baseline test for a study of tunnels with cement-admixed 
improved soil support. Failure can be determined by monitoring stresses around the improved 
soil layer. A sudden drop in stress at the crown or sudden spike along the springline would 
indicate that the improved soil layer has cracked and failed. The failure does not cause large 
deformations at the surface however, as the improved soil layer manages to retain its shape to 
some degree despite the formation of cracks. This suggests that the stability of such tunnels 
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largely depends on the improved soil layer, as failure is local. It is either tension or bending that 
is the dominant failure mode. 
The similarities in the critical tunnel support pressures and mechanisms in tests CIRC-N20-300 
and CIRC-N20-304 suggests that with enough due care the results of such tests can be repeated 
to a certain extent, even though the properties of cement-admixed soil are non-deterministic. 
Experimental procedures have been codified in great detail such that the researchers can reduce 
errors between tests. 
5.3 SERIES 2 – VARYING THE THICKNESS TO DIAMETER RATIO 
The next series of tests involves tunnels with an improved soil layer with varying thickness to 
diameter ratios. Test CIRC-N27-303 and test CIRC-N33-300 have a thickness-to-diameter (t/D) 
ratio of 0.27 and 0.33 respectively. This is in contrast to the Series 1 experiments, which all have 
a t/D ratio of 0.2. The undrained shear strength of the improved soil was kept constant at a 
nominal value of 300kPa, while the shear strength profile was kept similar to that of the baseline 
models, as shown previously in Figure 5-2. 
As can be seen in Figure 5-11, the behaviour upon failure is consistent across both Series 1 and 
2, with the sensor at the crown of the improved soil layer recording a drop in stress. 
Unfortunately the side sensor for test CIRC-N27-303 failed during the consolidation stage and 
was unable to record any measurements. The side sensor for test CIRC-N33-300 did manage to 
take readings and recorded behaviour consistent with that of test CIRC-N20-300 of Series 1, with 
a sudden spike in pressure at the point of failure. This is remarkably similar to that of the 




Figure 5-11 - Experimental data from test CIRC-N27-303 (left) and test CIRC-N33-300 (right) 
The critical tunnel support pressures of test CIRC-N27-303 and test CIRC-N33-300 are 108kPa 
and 98kPa respectively. This is lower than the failure loads of 153kPa and 144kPa obtained from 
the tests in Series 1. Hence, increasing the thickness-to-diameter (t/D) ratio of the improved soil 
surround has a positive effect on overall stability of a tunnel. 
The cracks occur at the same places for all Series 2 experiments as Series 1 experiments. The 
rupture surfaces are also similar, as seen in Figure 5-12. Figure 5-12 shows CIRC-N27-303 and 
CIRC-N33-300 have rupture surfaces which, like the Series 1 experiments, are jagged and have 
sharp edges. Considering also that there was similar stress change behaviour recorded by the 
sensors across all tests, all suggests that the failure mode is the same.  
 
 




This consistent behaviour suggests that, over the range tested, the thickness-to-diameter (t/D) 
ratio has no effect on the failure mechanism of a tunnel with an improved soil layer. This was 
confirmed upon examination of the test specimen after the experiment was over. Similar to 
Series 1, the tests in Series 2 show no significant settlement trough while the cracks in the 
improved soil layer occur in the same places as illustrated in Figure 5-4.  
5.4 SERIES 3 – VARYING THE STRENGTH OF THE IMPROVED SOIL LAYER 
The final series of experiments involve tunnels with an improved soil layer which is different in 
strength from that used in the previous series. This was achieved by two ways: 
1. Using a higher water content in the cement treated soil, in this case, soil:cement:water 
mass ratio of 2:1:4, instead of the 2:1:3 ratio used in previous series. This corresponds to 
a water content of 133% instead of 100%. Curing time is kept the same at 7 days. This 
results in a nominal undrained shear strength of the improved soil of approximately 
220kPa. Test CIRC-N20-226 and test CIRC-N45-220 uses this mix ratio and will be 
grouped as Series 3a experiments. 
2. Using a longer curing period. By using a curing period of 28 days instead of 7 days, a 
higher strength can be achieved for the improved soil surround. The resulting undrained 
shear strength is 366kPa for the 2:1:4 mix ratio and 720kPa for the 2:1:3 mix ratio. Test 
CIRC-N27-366 and test CIRC-N33-720 adopts this mix ratio/curing time combination 
respectively and shall be referred to as Series 3b experiments. 
5.4.1 SERIES 3A EXPERIMENTS 
Test CIRC-N20-226 has a thickness-to-diameter (t/D) ratio of 0.20, which is the same as the 
Series 1 experiments. The results from this test will be compared with CIRC-N20-300 and CIRC-
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N20-304_REP to examine the effects of changing the strength of the improved soil. On the other 
hand, test CIRC-N45-220 has a thickness-to-diameter (t/D) ratio of 0.45. This is to allow the 
effect of a varied thickness improved soil surround to be studied. 
As seen in Figure 5-13, behaviour at failure for Series 3a experiments is consistent with Series 1 
and 2, with the sensor at the top of the improved soil layer recording a drop in pressure. 
Unfortunately the side sensors for both these experiments were damaged near or at the failure 
point of the improved soil layer. This could possibly be due to the wires in the stress transducer 
being broken as a result of the crack opening of the improved soil surround. The springline crack 
opens on the exterior of the improved soil surround, where the stress sensor was mounted. On 
the other hand, the crown crack opens on the interior of the surround whereas the stress sensor 
was mounted on the exterior. As such it cannot be confirmed if there would indeed be a sudden 
spike in pressure consistent with experiment CIRC-N20-300 and CIRC-N33-300.  
 
 
Figure 5-13 - Experimental data from test CIRC-N20-226 (left) and test CIRC-N45-220 (right) 
Along with the major cracks along the crown, springline and bottom of the improved soil layer, 
there were also several smaller cracks in the improved soil layer for both CIRC-N20-226 and 
CIRC-N45-220, as seen in Figure 5-14. The directions of the cracks are concentric, which means 
they are parallel to the principal stresses of the improved soil layer. This is consistent with the 
crack formation for some UCT samples of cement treated soils (see Figure 5-15), which also form 
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cracks parallel to the direction of the force applied. This was not observed in any of the earlier 
experiments, and in spite of this the improved soil layer had managed to maintain its circular 
shape. However it disintegrated into numerous tiny pieces upon removal from the kaolin clay 
bed. This appears to suggest a compression failure of the improved soil layer, which can be 
attributed to its lower shear strength compared to the other models. A possible process for the 
initial cracking followed by compression is illustrated in Table 5-2.  
 
Figure 5-14 - Test CIRC-N20-226 after completion of the experiment. The arrows indicate the location of the major 




Table 5-2 - Sequence of failure 
 
Stage 1 




As the tunnel support pressure reduces, 
cracks start that allows for the ring to 
'flatten'. The improved soil layer has now 
broken into four different pieces. 
 
Stage 3 
As the tunnel support pressure continues to 
decrease, the four pieces push against each 
other at the crack boundaries. Improved 
soil layer of sufficiently high strength would 
hold up to this compressive force. However, 
if the cu2 is too low, the improved soil layer 





Figure 5-15 - Crack formation on UCT sample 
CIRC-N45-220 also shows a similar failure mode, thus implying that very thick improved soil 
layers would not affect the failure mode of such tunnels but at a lower tunnel support pressure 
which can be readily attributed to the thicker improved soil surround. The tunnel support 
pressure at failure of test CIRC-N20-226 and test CIRC-N45-220 are 205kPa and 112kPa 
respectively. Compared to test CIRC-N20-300 and test CIRC-N20-304_REP of Series 1, test CIRC-
N20-226 has a much higher critical tunnel support pressure. This is not surprising since the 
improved soil strength for CIRC-N20-226 than that for CIRC-N20-300 and CIRC-N20-304_REP. 
5.4.2 SERIES 3B EXPERIMENTS 
Test CIRC-N27-366 is similar to test CIRC-N27-303 of series 2 with the exception that the shear 
strength is 20% higher, at 366kPa. As with all previous tests, the stress recordings by the sensors 
display similar patterns at failure, with the top sensor measuring a drop in stress, as seen in 
Figure 5-16. Similarly cracks in the improved soil layer occur at the same places, with similar 
types of rupture surfaces, as seen in Figure 5-17. It is therefore likely that the mechanism is the 




Figure 5-16 - Experiment data of test CIRC-N27-366 
 
 
Figure 5-17 - Location of cracks (circled in red) (left) and rupture plane (right) of test CIRC-N27-366 
The critical tunnel support pressure for test CIRC-N27-366 is 50kPa, much less than the 108kPa 
of test CIRC-N27-303. This is to be expected given the stronger improved soil in this test. It 
should be noted that, at the critical tunnel support pressure of 50kPa, the fluid level in the 
standpipe is below that of the tunnel crown. Hence, the top part of the tunnel section is likely to 
be under atmospheric pressure. In other words, the cracking of the crown is likely to have taken 
place under 0kPa instead of 50kPa tunnel support pressure. 
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In Test CIRC-N33-720, the strength of the improved soil is further raised to 720kPa. As seen in 
Figure 5-18, there was no sudden drop in stress throughout the test. The sensors measured 
constant readings as the tunnel support pressure was being reduced. This is very different 
pattern than exhibited by all previous tests. Post-test examination of the improved soil surround 
shows that it remained completely intact. 
 
Figure 5-18 - Experimental data for test CIRC-N33-600 
5.4.3 CONCLUSION 
The results suggest that while a reduction in cu2 would not affect the failure mechanism, it would 
however alter the post-failure behaviour of the improved soil layer. The pressure sensor 
readings display similar tends to those of previous series, as does the locations of major cracks in 
the improved soil layer. The compression failure of the improved soil surround is unique to 
Series 3 experiments, and indicates that if the shear strength is sufficiently low, a different 
failure mode can be induced. 
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5.5 SETTLEMENT TROUGH  
As mentioned in Section 5.1, settlement trough is obtained by using the computer software 
Origin Pro to monitor movements of certain points on the surface. The total depth of the trough 
is defined as the vertical distance between a point near the wall of the strongbox to the point on 
the surface directly above the tunnel crown. A summary of all these settlement measurements 
are shown in Table 5-3. 
Table 5-3 - Summary of total settlement from all the circle tests 










Table 5-3 shows that even in failure there is very little surface movement observed. The 
recorded values do not seem to indicate any trend is unlikely to be significant. This can be 
attributed to the fact that, even after cracking, the improved soil surround still largely retains its 
circular shape (See Figure 5-17). 
5.6 IMPROVEMENTS TO STABILITY 
Broms and Bennermark's (1967) stability number equation offers one way to quantify stability. 
Table 5-4 is a summary of all the calculated stability numbers using this method. These stability 
numbers are plotted on the same graph along with the p=0 line of Mair (1979) stability chart, 
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which is the line that represents plane strain condition. This graph is shown in Figure 5-19. Test 
CIRC-N33-600 as it is unique as it did not fail. Hence it does not have a stability number. 
Table 5-4 - Critical stability numbers as per Broms and Bennermark (1967) 
Test Identifier C/D Stability Number 
CIRC-N20-300 1.00 8.63 
CIRC-N20-304_REP 1.00 9.39 
CIRC-N27-303 1.59 10.83 
CIRC-N33-300 1.42 11.74 
CIRC-N20-226 1.00 7.75 
CIRC-N45-220 1.64 13.20 
CIRC-N27-366 1.64 14.17 
CIRC-N33-600 1.42 No failure 
 
 
Figure 5-19 - Stability chart with experimental data of Series 1, 2 and 3 
Figure 5-19 shows a clear increase in critical stability ratio when an improved soil surround is 
added. It also shows, though not explicitly, that critical stability ratio will increase with t/D. This 
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is to be expected, as the introduction of a material stronger than the in-situ soil should enhance 
stability. Hence if the thickness of the improved soil layer is increased, so should the stability 
ratio.  
As seen in Table 5-4 the centrifuge tests are done at 4 different C/D ratios. The critical stability 
number at these C/D ratios is obtained by reading off the Mair (1979) graph. This stability 
number can then be used to calculate critical tunnel support pressure of a tunnel without an 
improved soil layer. This can then be contrasted by the centrifuge results. This comparison is 
shown in Table 5-5. 
 Table 5-5 - Comparison of critical tunnel support pressure with and without an improved soil layer 
Test Identifier 
Critical tunnel support 
pressure without an 
improved soil layer as 
per Mair (1979) (kPa) 
Critical tunnel support 
pressure with an improved 




CIRC-N20-300 222 153 30.9 
CIRC-N20-304_REP 227 144 36.6 
CIRC-N27-303 192 108 43.8 
CIRC-N33-300 210 98 53.2 
CIRC-N20-226 245 205 16.2 
CIRC-N45-220 227 112 50.7 
CIRC-N27-366 205 50 75.6 
 
Table 5-5 clearly shows that the critical tunnel support pressure would be reduced with the 
introduction of an improved soil layer, which proves that it affects stability positively. By 
comparing test CIRC-N20-300 with test CIRC-N20-226 and test CIRC-N27-303 with CIRC-N27-366 
it can be shown that increasing the shear strength of the improved soil results in a lower critical 
tunnel support pressure, which is to be expected. 
Broms and Bennermark's (1967) stability ratio definition does not consider the properties of the 
improved soil layer. Furthermore, since failure occurs locally and involves tension, it is unlikely 
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that this is a suitable formulation for stability for this type of problem. In the next section, some 
attempts will be made to refine the stability ratio to consider the effect of the improved soil 
layer. 
5.7 FACTORS TO CONSIDER FOR RECTANGULAR TUNNEL STUDY 
The dominant failure mode for the circular tunnel study had been a local tensile/bending failure 
of the improved soil layer. The full strength of the surrounding soil has not been mobilised as 
evidenced by the minimal surface movement observed. It is likely that this would also be true for 
a rectangle tunnel.  
Considering the long span of the roof of a typical rectangle tunnel, it is not unreasonable, 
especially in light of the circular tunnel study results that the roof will fail like a fixed end 
supported beam. Bending stresses can be expected to be the largest at the corner or mid-span 
of the roof of the improved soil layer; hence some changes in stress can be expected at these 
locations at failure. 
If bending is indeed the dominant failure mode for rectangle tunnels, than it can be expected 
that the rectangular tunnel configuration would not be very stable. The results are that in 
bending, the improved soil layer would be in tension. As discussed in Chapter 3 the cement 
treated soil does not have very high tensile strength. 
5.8 CONCLUSION 
Series 1 of this study has identified the dominant failure mode for circular tunnels with an 
improved soil layer. Failure involves the tensile/bending failure of the improved soil layer, with 
minimal contribution from the surrounding soil. Series 1 has also shown that to a certain extent 
these results can be repeated. 
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Series 2 shows that the t/D ratio, within a practicable range, has no effect on the type of failure 
mode; the failure mode remains unchanged across both series. It was also observed that the t/D 
ratio has a positive effect on stability, as the critical tunnel support pressure was lower with 
increasing t/D ratio. 
Series 3 explores the effect of shear strength of the improved soil on stability. This undrained 
shear strength was changed by using different mix ratios or different curing times. It shows a 
larger shear strength of the improved soil would have a positive effect on stability. Conversely, if 
shear strength of the improved soil is too low, after the tensile/bending failure has occurred, the 
improved soil layer will further disintegrate as the pieces of the improved soil are pushed against 
each other. This is not present in improved soils with higher shear strength of the improved soil 
as such soils have enough strength to withstand such compressive forces. Series 3 also shows 
that if the shear strength of the improved soil is high enough, the improved soil layer would 
remain intact even with no tunnel support pressure. 
As the failure mechanism is not the same as that described in either Broms and Bennermark 
(1967) or Mair (1979), a new stability equation would have to be formulated. It should be noted 
that the t/D ratio ranges between 0.2-0.45, are practicable values for t/D. It remains to be seen if 









6 NUMERICAL ANALYSIS AND DESIGN OF CIRCULAR TUNNEL WITH IMPROVED SOIL 
SURROUND 
This chapter discusses the numerical analysis of the circular tunnels with an improved soil 
surround. It can be divided into 3 parts, as summarised in Table 6-1. 
Table 6-1 - Topics to be discussed in Chapter 6 
 Section Topics discussed 
1 
Finite element model 
and calibration 
1. Material models and properties  
2. Construction sequence and the rate of excavation 
3. Mesh study  
4. Calibration with centrifuge results; sensitivity study 
5. Boundary effect 
2 Parametric study 
1. Identification of failure modes 
2. Important design parameters 
3. Establishment of failure maps 
4. Discussion on stability 
3 Discussion on stability Forming stability charts  
4 Design approach 
A proposed design approach for tunnels with an improved soil 
layer. 
 
The software used to carry out the analysis is GeoFEA 9, which is a commercial finite element 
software developed by Geosoft PTE LTD, a Singapore-based company (Geosoft, 2010). GeoFEA 9 
conducts all analyses using effective stress parameters. 
6.1 SETTING UP AND CALIBRATION OF THE FE MODEL 
The objective of this part of the study was to set up several finite element models and calibrate 
them with the centrifuge results. Several numerical models, such as the one seen in Figure 6-1, 
were set up. These were half models as the results were expected to be symmetric. Six-noded 
116 
 
triangle elements were used in GeoFEA 9. The analyses were conducted in equivalent prototype 
dimensions. 
 
Figure 6-1 - Finite element model for CIRC-N20-300 
Nodes along the sides of each model were constrained against movement perpendicular to the 
boundary while those along the bottom boundary were fixed in all directions. A mesh study and 
boundary condition study were also conducted. These were carried out to check if the mesh size 
is adequate and if the boundaries were sufficiently far from the tunnel. These would be 
discussed in a subsequent section.  
6.1.1 MATERIAL MODELS AND PROPERTIES 
There are two material zones in the analysis, namely the soft clay and the improved soil. In the 
centrifuge experiments, the soft clay used was kaolin, for which the Cam Clay parameters, 
summarized in Table 6-2, are known (Li, 2014). The Modified Cam Clay (MCC) model has a 
weakness that it does not model the small strain behaviour well. However, this is unlikely to be 
an important factor in this case since much of the soft soil domain is normally consolidated. 
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Hence, plastic strains are likely to be much larger than elastic strains, and therefore likely to be a 
more significant strain component. 









The Mohr-Coulomb model was used to model the improved soil material. The constitutive 
behaviour of cement-admixed clay, especially at high cement content, is still not well-
investigated. At present, there is still no well-established model for cement-admixed clay at high 
cement content. As such, there is no point in using a sophisticated, but largely hypothetical and 
unproven model. The Mohr-Coulomb model cannot model pre-yield nonlinearity. However, 
since the focus is the strength of the soil, pre-yield nonlinearity is unlikely to play a major role. 
Since only unconfined compression tests (UCTs) were carried out on the improved soil, which 
only yielded undrained shear strength is known. However, Table 6-3 summarizes information on 
the undrained modulus Eu of cement-admixed marine clay while Xiao (2009) gives information 




Table 6-3 - Summary of selected E-qu relationships for cement-treated clays (Saw, 2014) 
References E-qu In-situ soil type In-situ improved/lab improved 
Lee et al, 1998 E0 = 80-200qu Marine clay Lab improved and in-situ 
improved 
Kamruzzaman, 2002 E0 = 490qu Marine clay Lab improved 
Tan et al, 2002 E50 = 150-400qu Marine clay Lab improved 
Lee et al, 2005 E0 = 80-140qu Marine clay Lab improved 
Wen, 2005 E = 200qu Marine clay In-situ improved 
Wong and Goh, 2006 E = 100qu Marine clay In-situ improved 
Lorenzo and 
Bergado, 2006 
E50 = 150qu Marine clay Lab improved 
 
For this study the relationship of Eu = 200qu was used. 
The effective Young’s modulus E' was deduced from the undrained modulus Eu using the 
relationship 
V1 + W = V′1 + W′ (6.1) 
 
In which νu and ν’ are the undrained and effective stress Poisson’s ratios. The undrained 
Poisson's ratio is 0.5, while the effective Poisson's ratio is taken to be 0.2. Hence Equation 6.1 
simplifies to  




Effective friction angle φ' is obtained by using the Mohr-Coulomb failure criterion which is given 
by 
[ = \Y +  (6.3) 
 
Where, 
\ = 6sin`′ 3 − sin`′a  (6.4) 
 
 = 6 c′sin `′ 3 − sin`′a  (6.5) 
 
under triaxial compression condition. Xiao (2009) reported friction coefficient (M) for cement 
treated soils ranging from 1.50 to 1.77. A value of 1.7 is assumed for this study, which is 
equivalent to a friction angle of 41° from equation 6.4. 
Chin (2006) and Xiao (2009) postulated that, for cement-admixed soil at high cement content, 
unconfined compression test is likely to take placed under drained, rather than undrained 
condition. If this assumption is made, then the effective cohesion c' can be deduced based on 
the effective Mohr circle for the unconfined compression test with the Mohr-Coulomb failure 
envelope, as shown in Figure 6-2. Since the specimen is unconfined, the minor principle stress is 




Figure 6-2 - Mohr circle of UCT 
From the plot in Figure 6-2, 
sin`′ =  Y cot`′ +   (6.6) 
 
Using the value of φ' obtained earlier, Equation 6.6 simplifies to  
′ = 0.46 (6.7) 
 
Hence the following parameters shown in Table 6-4 are used for all the numerical analysis. These 
are expected to be representative values for the cement treated soil. Nevertheless a sensitivity 
study of these parameters will be carried and fine tuning of c’ and φ’ will be conducted using 
centrifuge model data. 
Table 6-4 - Soil parameters for cement treated soil (Mohr-Coulomb model) 
E' 0.8 x Eu 
Eu 400 x cu 
c' 0.46 x cu 










6.1.2 CONSTRUCTION SEQUENCE  
GeoFEA 9 allows three types of analyses to be conducted, namely drained, undrained and 
consolidation. A drained analysis is one in which pore pressure does not change from its initial 
conditions, that is, there is no excess pore pressure. An undrained analysis is one in which excess 
pore pressure is allowed to develop in the absence of drainage. These two types of analyses are 
both extreme idealizations of the actual situation, in which loading and construction proceed 
apace with dissipation of pore pressure. In this study, fully coupled consolidation analysis is 
used. The analysis involved three steps as follows:- 
1. Initialization of geostatic stresses and hydrostatic pore pressure. In this step, a 1-g 
gravitational load was applied to the clay bed, with the water table located at the 
surface. The top and bottom surfaces of the model were set as drainage boundaries. 
2. Installing the improved soil surround. The elements surrounding the tunnel cavity were 
replaced by elements of the improved soil surround. Two methods of tunnel excavation 
were used herein. For comparison with centrifuge model results, soil elements within 
the tunnels were removed during the installation of the improved soil tunnel. 
Concurrently, tunnel support pressure varying linearly with depth with a gradient equal 
to the unit weight of the potassium iodide solution was applied to simulate support by 
the latter. This is to ensure that the applied tunnel support pressure approximately 
equilibrates the geostatic pressure from the surround soil, which is also the scenario in 
the centrifuge models. For the parametric studies, the soil elements within the tunnel 
were left in-situ during the installation of the improved soil surround. 
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3. Excavating the tunnel. For comparison with centrifuge model results, the excavation was 
simulated by applying a linearly varying load in the opposite direction to that of the 
tunnel support pressure so as to reduce the net loading and thereby simulate the 
excavation process; this being similar to the approached used by Davies et. al. (1980) 
and Osman et al. (2006). This excavation process was completed in 300000 seconds (just 
under 3 days), this being the prototype equivalent of the model excavation duration of 
30secs. 
6.1.3 MESH STUDY 
A mesh study was conducted to assess the adequacy of the mesh and the effects of the 
boundaries. Figure 6-3 shows the three meshes used to assess the adequacy of the mesh. The 
coarse mesh has a nominal element width of 1.5m, while the medium and fine meshes have 
nominal element widths of 0.75m and 0.5m respectively. 
 
Figure 6-3 – Coarse mesh (left), medium mesh (centre) and fine mesh (right) for numerical model CIRC-N20-300  
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Figure 6-4 shows the major principal effective stresses at the crown plotted against the tunnel 
support pressure and the tunnel support pressure at which the stresses exceed. This was 
monitored as from the centrifuge experiments failure occurs locally within the improved soil 
surround; hence the stresses in this layer are important to determine failure. As can be seen, the 
trend of build-up of compressive stress with decrease in tunnel support pressure is similar for 
the medium and fine meshes while the coarse mesh shows larger divergence. For the parametric 
studies, the medium mesh was used. 
 
Figure 6-4 – Graph comparing the stresses of the 3 mesh models  
6.1.4 CALIBRATION WITH CENTRIFUGE EXPERIMENTS 
It has been established from analysing the centrifuge results in the previous chapter that failure 
occurs locally for all the centrifuge experiments. The crack locations suggest that the improved 
soil surround undergoes bending, with the locations of largest moment occurring at the crown, 
springline and invert. This allows it to form the "flattened circular" shape that was observed in 




Figure 6-5 - Flattened circle (left) and crack pattern from the centrifuge experiment CIRC-N20-304_REP 
The crack opening width at the crown is larger at the inner diameter as compared to the outer 
diameter. This indicates that the outer diameter would have experienced larger compressive 
stresses while along the inner diameter, smaller compressive and even tensile stresses may be 
developed, depending on whether or not the neutral axis lies within the improved soil layer. 
Thus at the point of failure, the elements at the location of these cracks would have either 
yielded (along the outer diameter) or would have experienced tensile stresses exceeding that of 
its tensile strength.  
This behaviour can be seen in Figure 6-6, which shows the distribution of circumferential 
stresses along the crown of the improved soil surround as the tunnel is being excavated. It 
shows that there were bending stresses along the crown, as the outer diameter experienced 
larger stresses than the inner diameter. For some of the runs, tensile stresses were produced at 




Figure 6-6 - Distribution of circumferential stresses at the crown for CIRC-N20-300 and CIRC-N45-220 
The failure point is therefore determined by monitoring the elements at the crown to see if 
either it has yielded along the outer diameter or has exceeded the tensile strength along the 
inner diameter. The first failure mode is termed ‘Flexural (compression)’ while the latter is 
termed ‘Flexural (tension)’. The tunnel support pressure at the point of failure is henceforth 
called the critical tunnel support pressure. 
While the critical tunnel support pressure could be determined from the centrifuge tests, the 
failure mode could not be determined specifically. This was as both failure modes would result 
in cracks forming in the improved soil layer, which is picked up as a sudden change in stress in 
the stress transducers. The numerical results, on the other hand, shed light on the failure mode. 
The results from the numerical analysis were compared with the results obtained from the 
centrifuge experiments in Table 6-5. A graph comparing the two results with a 1-1 line is as 
shown in Figure 6-7. In numerical analyses, the critical tunnel support pressure was taken at the 
point at which  
(a) yielding initiates at the outer diameter of the crown – Flexural (Compression) 
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(b) or when the tensile strength is reached at the inner diameter of the crown – Flexural 
Tension 
Table 6-5 - Summary of critical tunnel support pressures for centrifuge experiments  
Identifier 
Tunnel Support Pressure (kPa) 
Experiment result Numerical result [Failure mode] 
CIRC-N20-300 153 170 [Flexural (compression)] 
CIRC-N20-304_REP 144 160 [Flexural (compression)] 
CIRC-N27-303 108 118 [Flexural (compression)] 
CIRC-N33-300 98 114 [Flexural (tension)] 
CIRC-N20-226 205 162 [Flexural (compression)] 
CIRC-N45-220 112 136 [Flexural (tension)] 
CIRC-N27-366 50 25 [Flexural (Compression)] 
CIRC-N33-720 No failure No failure [N.A.] 
 
 
Figure 6-7 - Comparison between the critical tunnel support pressure determined experimentally and numerically 
As Figure 6-7 shows, the agreement is reasonably good, given the complexity of the material 
behaviour and collapse mechanisms. This may be due partly to the fact that incipient yielding or 
incipient tensile failure is used as the point of failure. One can therefore consider this to be an 
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incipient failure definition, which may differ somewhat from the observed point of failure in the 
centrifuge models. In terms of failure mode, all of the cases showing cracking at the crown and 
springlines fall into either flexural compression or tension. This is not unreasonable; as discussed 
earlier, incipient yielding in the flexural (compression) mode is likely to give rise to “pivot” points 
which is likely to lead to tensile stresses subsequently, as illustrated in Figure 6-8.  
 
Figure 6-8 - Pivot points forming for flexural (compression) failure mode 
As the numerical analyses offers a reasonable prediction of the critical tunnel support pressure 
of the centrifuge experiment, the current model parameters used were considered to be 
acceptable. These parameters would be used for the subsequent parametric study. 
The numerical results suggest that the thickness of improvement to diameter of tunnel (t/D) 
ratio of the improved soil surround has an effect on the failure mode. Out of the seven tests that 
experienced tunnel failure, two of them were in Flexural (Tension) while the others were in 
Flexural (Compression). These two tests have the largest t/D ratios of all, at 0.33 and 0.45. The 
other tests all have a t/D ratio of either 0.2 or 0.27. The effect of this ratio on failure modes and 
stability would be explored further in a subsequent section. 
As observed in the centrifuge experiments, failure causes cracks to form in the improved soil 
surround. This would result in a rapid loss of strength along the fracture planes. However, a 
limitation of the Mohr-Coulomb model is that it cannot model rapid strain softening after 
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yielding, hence after the failure point the analyses was assumed to be no longer representative. 
Thus, factors such as settlement were not monitored. 
6.1.5 BOUNDARY EFFECT 
Modelling space was a constraint in the centrifuge experiments. As such it was inevitable that 
the tunnel was close to the boundary of the strongbox. In this section the effect of the boundary 
on the critical tunnel support pressure was explored. 
Boundary effects were assessed by using three meshes as shown in Figure 6-9. This allows for 
the effect of distance from the side and bottom boundaries to be studied independently. The 
distance from the tunnel to the boundary was extended to 2.5 times the diameter for both 
boundaries. The baseline test was that of CIRC-N20-300, which was established to have failed 
under the Flexural (Compression) mode in the previous section. 
 
Figure 6-9 - Original (left) and extended boundaries (centre and right) for numerical analysis for CIRC-N20-300, CIRC-
N20-300_ExtendBottom and CIRC-N20-300_ExtendSide 
The stresses along the outer diameter (termed “OD”) and inner diameter (labelled as “ID”) of the 
crown of the tunnel were plotted against tunnel support pressure, as shown in Figure 6-10. As 
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can be seen, the development of stresses during the tunnel excavation was very similar, 
indicating that boundary effects are relatively insignificant. Hence it is concluded that the 
distance to the boundary for the centrifuge experiments were adequate. Nonetheless for the 
parametric study the boundaries (side and bottom) were all set to 2.5 times the diameter of the 
tunnel. 
 
Figure 6-10 – Distribution of stresses along the crown for CIRC-N20-300, CIRC-N20-300_ExtendSide and CIRC-N20-
300_ExtendBottom 
6.2 PARAMETRIC STUDY 
The geometries studied herein include tunnel diameters ranging between 10m to 20m and 
undrained shear strength values of improved soil varying between 100kPa and 2000kPa. The 
thickness or the improved layer ranges from 1m to 5m. As would be shown later, these 
parametric ranges are sufficient to allow salient failure modes to be manifested. 
6.2.1 OBSERVED FAILURE MODES  
The results of the analyses point to four possible modes of failure of the improved soil surround. 
In addition to Flexural (Compression) and Flexural (Tension) failure modes identified previously, 
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there was also ‘Roof collapse’ and ‘Shear failure’.  All of the analyses fail under one of these 
modes. These are then categorised into a failure map that would be discussed in a subsequent 
section. A suitable stability equation was also proposed for each failure mode.  
6.2.1.1 Roof Collapse  
This failure mode tends to occur when the improved soil layer is relatively thin and weak. It can 
be identified by the occurrence of yielding around the crown, as seen in Figure 6-11. This zone is 
coincident with high compressive stresses. 
 
Figure 6-11 - Improved soil layer with the yielded elements highlighted in blue (left) and the corresponding effective 
principal stresses (right) at the point of ‘Roof Collapse’ failure mode.  
The yielding of the crown will eventually result in a roof collapse. This can be seen in the 
numerical analysis as shear strains above the tunnel cavity (See Figure 6-12). Figure 6-13 shows 




Figure 6-12 – Distribution of shear strain in ‘Roof Collapse’ failure mode 
 
Figure 6-13 – Deformed mesh in ‘Roof Collapse’ failure mode 
Looking at the yielded elements (see Figure 6-14), it can be observed that this failure mode is 
not unlike the failure mode of tunnels with no improved soil surround as described by 
Yamamoto et. al. (2011). This is sensible as mentioned earlier this failure tends to occur only 
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when the improved soil layer is relatively thin and weak; overall the soil system has not changed 
significantly by the improvement. Improvement to stability is also expected to be minimal. 
  
Figure 6-14 - Yielded elements in roof collapse (left) and failure mechanism proposed by Yamomoto et. al. (2011) 
As Figure 6-15 shows, the computed ground surface settlement above the crown shows a 
change in the rate of movement when the tunnel support pressure falls below a certain level. 
Both Mair (1979) and Yeo (2011) defined the point of failure as that at which there is a rapid 
change of rate of deformation. Following this approach, the point at which the rate of 
movement changes will be taken to be the point of failure. 
 




6.2.1.2 Shear Failure  
This failure mode is characterized by large shear stresses within the improved soil layer, resulting 
in roughly concentric rupture planes. This can be seen in Figure 6.16 (left), the shear stresses are 
distributed in such a way within the improved soil layer with large stress concentrations around 
the outer (top half) and inner (bottom half) perimeter of the improved soil layer. This behaviour 
is also reflected in the distribution of circumferential stresses, as seen in Figure 6.16 (centre) and 
in the distribution of yielded elements, as seen in Figure 6.16 (right).  
  
Figure 6-16 – Distribution of shear stresses in the improved soil layer (left), circumferential stress concentrations 
along the outer and inner boundary of the cement treated soil layer (centre) and yielded elements (right) for ‘Shear 
Failure’ mode 
Figure 6-17 shows the ground surface settlement above the crown of the tunnel as tunnel 
support pressure is reduced. As can be seen, the point of failure can be defined similarly to that 
of the roof collapse failure mode, as the point at which there is a rapid increase in rate of 




Figure 6-17 – Settlement vs tunnel support pressure graph in ‘Shear Failure’ mode 
6.2.2 STRENGTH IMPROVEMENT FACTOR 
It has been shown in the Section 6.1.4 that the thickness-to-diameter ratio of the improved soil 
surround can have an effect on failure mode. Another factor that has an impact on the failure 
mode is the ratio of the undrained shear strengths of the improved soil to the unimproved soil 
(cu2/cu1). This ratio is termed the ‘strength improvement ratio’. 
The effect of the strength improvement ratio could be illustrated by using the same numerical 
analysis procedure described in the parametric study. Two different tunnels, each with a 
diameter of 10m and a 2m cement treated soil layer surround of strength 300kPa, were 
analysed. The tunnels had a depth to cover (C/D) ratio of 1 and 3 to represent a shallow and 




Figure 6-18 - Shallow (left) and deep (right) tunnels 
The tunnel with the C/D ratio of 1 failed by Flexural (Compression), while the other with a C/D 
ratio of 3 failed by the Shear Failure mode, as seen in Figure 6-19. While this may appear that 
the C/D ratio impacts failure mode, it is hypothesised that this was instead due to the fact that 
the strength improvement ratio is different for the two tunnels.  
 
Figure 6-19 - Shallow tunnel failure (left) and deep tunnel failure (right) 
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In order for the deeper tunnels to transit from a shear failure mode to a bending failure mode, 
the cu2 value would have to be far greater than for shallow tunnels, such that the difference 
between these the cu1 and cu2 values would become sufficiently large. If they are too similar, 
more of the surrounding soil strength will be mobilised. Thus the more critical parameter is not 
the C/D ratio but rather the strength improvement ratio. 
6.2.3 PORE PRESSURE CONDITION IN IMPROVED SOIL SURROUND  
This section explores the effect of pore pressure condition in the improved soil surround on the 
failure mode. There are several factors that can affect the pore water pressure in the cement 
treated layer during the excavation of the tunnel. These include the permeability of the material, 
length of time taken for the excavation as well as the drainage condition along the tunnel 
boundary. These parameters and the way they affect the stability of the tunnel will be discussed 
in the subsequent sections. 
The permeability of the treated material will determine how fast the excess pore water pressure 
would dissipate. Thus a material with high permeability is likely to behave as a drained material, 
such as sands, while conversely a material with low permeability, such as clays, may behave 
approximately as an undrained material. 
The permeability of cement treated Singapore Marine Clay was explored in Kamruzzaman 
(2002). As seen from Figure 6-20, the permeability of this material is in the order of 10-7cm/s in 
the early days of curing. This would decrease with increasing days of curing and with increasing 
confining stresses. Cement content also has an effect on permeability. The centrifuge tests were 




Figure 6-20 - Effect of cement content and curing time on k-log σv' (Kamruzzaman, 2002) 
Four different cases were explored with varying conditions described in Section 6.2.7.1 and 
Section 6.2.5.2. A summary of the different geometric and strength parameters for each of the 
cases are as shown in Table 6.7. The surrounding soil properties are as described in Table 6-4. 
Table 6-6 – Summary of test cases 
Identifier Experimental parameters 
CASE 1 
cu2 = 300kPa,  
C = 30m, t = 3m, D = 15m, t/D = 0.20 
CASE 2 
cu2 = 500kPa,  
C = 20m, t = 3m, D = 20m, t/D = 0.15 
CASE 3 
cu2 = 500kPa,  
C = 20m, t = 5m, D = 10m, t/D = 0.50 
CASE 4 
cu2 = 200kPa,  
C = 10m, t = 5m, D = 10m, t/D = 0.50 
*soil unit weight is 16kNm
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Six different types of analysis were carried out using each of the four cases in Table 6-6, in order 
to explore the different effects of consolidation on stability. These six conditions are summarised 
in Table 6-8. 
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Table 6-7 – Different consolidation conditions 
Condition Analysis type Description 
1 Drained/Undrained Cement treated soil set as an undrained material. 
2 Drained/Undrained Cement treated soil set as a drained material. 
3 Consolidation 
Tunnel boundary set as impermeable. 
Time taken is very short (30 seconds). 
4 Consolidation 
Tunnel boundary set as impermeable. 
Time taken is very long (10 years). 
5 Consolidation 
Tunnel boundary set as open with the pore water pressure 
set at zero. 
Time taken is very short (30 seconds). 
6 Consolidation 
Tunnel boundary set as open with the pore water pressure 
set at zero. 
Time taken is very long (10 years). 
 
Similar to before, the major principal stresses (circumferential stresses) at the crown, both along 
the inner diameter and the outer diameter, were monitored as the tunnel support pressure was 
decreasing (during the excavation process only). Figures 6-21, to 6-24 show the plots for each of 





Figure 6-21 – Graphs of circumferential stress vs tunnel support pressure under different conditions for Case 1 
 




Figure 6-23 – Graphs of circumferential stress vs tunnel support pressure under different conditions for Case 3 
 
Figure 6-24 – Graphs of circumferential stress vs tunnel support pressure under different conditions for Case 4 
One thing that can be observed from these graphs is that in the short term (30 seconds) there is 
no difference regardless of whether or not the tunnel boundary is impermeable or open. This is 
consistent throughout all three cases, which show that the graphs for the short term conditions 
are not too dissimilar. These short term graphs are also consistent with the corresponding 
Condition 1 graph, where the material is set as undrained. This is logical as in the very short term 
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the cement treated soil is expected to be undrained regardless of the drainage boundary 
conditions. 
Condition 2 (soil set as a drained material) and Condition 4 (impermeable boundary where the 
excavation takes 10 years) are similar throughout all three test cases. This is logical as well as in 
the 10 years all the excess pore pressure in the cement treated soil would have dissipated.  
When the boundary is open and the construction process takes a long time (Condition 6) there is 
a very drastic change when compared with Condition 2 and Condition 4. The cement treated soil 
layer does not develop bending stresses nor does it go into tension. This is as with the open 
boundary after a long time a steady state flow condition (see Figure 6-25) is achieved and the 
pore pressure along the tunnel boundary is zero. With minimal or no pore water pressure in the 
areas closer to the boundary, tension is not allowed to develop. 
 
Figure 6-25 - Pore water distribution for Case 3 Condition 6 
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It is difficult to determine with great confidence which of these two conditions (impermeable 
boundary or open boundary) is more applicable in real world conditions. However when 
comparing with the centrifuge results, it is apparent that either of the flexural failure modes 
dominates. From Figures 6-21 to 6-24 it is seen that flexural failure is unlikely when an open 
boundary is prescribed. This is as there is no tension that is developed if the boundary is open 
and flexural stresses are also relatively low. 
In the centrifuge experiments, post-test examination showed that there is no water inside the 
tunnel opening and that the surface of the rubber bag providing the tunnel support pressure is 
relatively dry. This indicates that there is little or no ingress of water through the improved soil 
surround. This indicates little seepage during the excavation. One possible cause is the lower 
permeability of the improved soil on the inner surface of the tunnel caused by drying during the 
consolidation and excavation stage of the experiment. This might have led to the formation of a 
thin layer of unsaturated soil along the inner wall of the improved soil surround.  
Chong (2000) demonstrated that the permeability of soils can drop by about 2-3 orders of 
magnitude when the soil becomes unsaturated. This drop in permeability causes the inner 
boundary to be effectively impermeable during the excavation stage. This is further supported 
that during all of the centrifuge experiments, no water was observed to flow into the tunnel 
opening and that the surface of the rubber bag providing the tunnel support pressure appeared 
dry. 
In light of this, when discussing the design of such tunnels in subsequent sections, the cement 
treated soil layer would be assumed to be a drained material with an impermeable boundary. 
This is also applicable to the proposed failure map in Section 6.2.4.  
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6.2.4 FAILURE MAPPING 
The relevant design parameters are varied in order to produce many cases for failure mapping. 
The table below shows the range of which these parameters were varied. A summary of these 
parameters are shown in Table 6-8. 
Table 6-8 - Range of parameters used for failure mapping 
 
The failure mode for each of the many different analyses were tabulated and plotted on a chart 
as shown in Figure 6-26. The cu2/cu1 value is plotted on the vertical axis on a log scale, 
representing the depth factor which was identified earlier to affect failure mode (see Section 
6.2.2). The horizontal axis is the t/d ratio, which from both the 1-g and centrifuge experiments 





Figure 6-26 – Failure map where inner wall is considered impermeable 
As can be seen the failure map shows the four distinct zones where each of the failure modes 
would occur. The Flexural (Compression) and Flexural (Tension) failure modes share a common 
boundary. This was based on the tensile strength being 0.26 times the unconfined compressive 
strength. This boundary would be expected to shift laterally to the left if the ratio of undrained 
shear strength and tensile strength increases, as the material would reach its tensile limit before 
its compression limit.  
The roof collapse failure mode tends to be in the lower cu2/cu1 ranges while the bending failure 
modes tend to be in the higher cu2/cu1 ranges. The shear failure mode lies sandwiched between 





6.3 CASE STUDY OF RANDOM FINITE ELEMENT AND CIRCULAR TUNNEL WITH CEMENT 
TREATED SOIL SURROUND 
In the previous chapter the improved soil layer was assumed to be isotropic and homogeneous. 
However in real world projects this is not expected to be the case. Nakagawa et. al. (1996) 
showed that jet grouting and deep cement mixing results in a treated soil with a strongly 
columnar structure. Chen et. al. (2011) reported that the improved soil strength would have 
random spatial variations with a coefficient of variation of approximately 0.4.  
As yet there are no widely-accepted rational bases for determining the equivalent strength of 
such soils (Liu, 2015). This uncertainty has resulted in large factors of safety being applied to the 
strength of the cement treated soils (Chew,(2004)).   
Liu et al (2015) analysed the problem of an improved soil slab with deterministic and random 
spatial variations. It showed that a rational mobilisation factor on the strength could indeed be 
established based on the coefficient of variation of the random variation and a reliability index. 
However, the effect of random spatial variation on the mass performance of improved soil 
surrounds around tunnels has not been studied to date.  
In this section, two-dimensional Random Finite Element (RFE) analyses were conducted using 
GeoFEA to explore how the random soil properties would affect tunnel stability and suggest 
possible reasonable values for factors of safety. The random parameter is the unconfined 
compressive strength of the soil. While commonly used parameters for characterising cement-
admixed clay behaviour includes both the unconfined compressive strength and the Young’s 
modulus (Lee et al. (2005)), it has been determined in the previous chapter that this tunnel 
problem was not sensitive to the latter. The random fields of the unconfined compressive 
strength was generated using the modified linear estimation method of Liu et al. (2014). 
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The excavation problem simulated in the RFE analyses followed the same construction steps as 
the deterministic cases described in Chapter 6. However unlike previously the random analysis 
requires a full model since symmetry is not guaranteed. In addition the mesh density for the 
random model was made finer than previously for Chapter 6, in order to allow the random 
variation to be reflected with sufficient resolution. 
The subsequent discussions were divided into the following sections:- 
1. Choice of parameters and geometry 
2. Failure definition in a random model 
3. Effect of coefficient of variation and unconfined compressive strength 
6.3.1 CHOICE OF PARAMETERS AND GEOMETRY 
The soil properties used for the random analyses are more representative of field rather than 
centrifuge conditions. This was in line with the objective of this part of the study, which was to 
model the spatial variability that may occur in real world projects, which were not present in the 
centrifuge models. 
Lee (1999) described the jet grouting works for Geylang River widening project, which showed 
mean unconfined compressive strength ranging from 1500kPa to 3000kPa. In this study, 
unconfined compressive strength of 1500kPa and 3000kPa is used, representing the two 
extremes of the range described in Lee (1999).  
The Mohr-Coulomb model with random properties was used to model the improved soil 
surround. Chen (2011) suggests a COV of 0.4, while Liu (2013) has determined that COV of the 
unconfined compressive strength should range from 0.1 to 0.5. For this study, COV values of 0.2 
and 0.4 have been used. The scale of fluctuation (SOF) was set at 0.35 in both the horizontal and 
vertical directions as recommended by Liu (2013).  
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The effective friction angle φ’ was kept uniform even as the unconfined compressive strength 
varies. The relationship between effective cohesion and unconfined compressive strength is 
based on the Mohr Circle and can be determined from the following equation.  
Y = [1 − 9`Y2e`′  (6.8) 
 
The surrounding soil was modelled using the Modified Cam Clay model with the same properties 
throughout. The parameters used for both models are similar to that used prior (see Table 6-2 
and 6-4). 
The tunnel diameter was set at 15m with a 3m thick improved soil surround. The depth of crown 
to tunnel diameter ratio was 1. The side and bottom boundaries were distanced from the tunnel 
at a length of 2.5 times the diameter of the tunnel. The side boundaries are on rollers and the 
bottom boundary is fixed in all directions. The element size within the improved soil surround 
was 0.20m wide (See Figure 6-27). 
 
Figure 6-27 – Mesh of random model 
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6.3.2 FAILURE DEFINITION IN A RANDOM MODEL 
The random variation in strength of the improved soil complicates the definition of failure 
considerably. As the deterministic cases showed earlier, failure can occur due to yielding or 
tension. The Mohr-Coulomb model is able to deal with the yielding failure, but not the tension. 
Tensile failure occurs primarily by crack propagation, which needs special elements to model 
correctly.  
Most commercial software, including ABAQUS, does not model tensile failure at a mechanistic 
level. Those that model tensile failure using an extension of the yield envelope is only modelling 
a “pseudo” tensile failure, which is not entirely accurate. The reason is that once the element 
fails in tensile mode, it sheds all tensile stresses in the direction perpendicular to the crack. This 
progressive failure scenario would result in the formation of a crack.  
As the crack propagates outwards, the effective thickness of the improve soil layer decreases, as 
illustrated in Figure 6-28. This is different from yielding wherein the stress stops increasing but 
there is no immediate unloading of existing stress level. Secondly, crack propagation is 
accompanied by stress concentration at the crack tip, which does not occur in yielding. 
 
Figure 6-28 – Decrease in effective thickness during tensile failure 
In a spatially random material, the level of difficulty is further and significantly increased. This is 
because a random field would mean that there are weak and strong elements in the soil. When 
and if the weak elements fail in tension, the stress it carries will be released immediately and 
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redistributed to the adjacent elements, which in turn may further accelerate the failure of these 
adjacent elements. 
While it was demonstrated in the previous chapters that for deterministic models the most 
extreme stresses occur at the either the crown or springline, it is less certain with random 
models. This was due to the inherent nature of the random material such that weak regions 
need not necessarily occur at the critically stressed locations. 
In order to restrict the possible scenarios which can arise, checks on tensile strength exceedance 
is only made at the crown, springline and invert regions, as illustrated in Figure 6-29. These 
regions were selected as cracks were observed at these locations in the centrifuge tests hence 
these are critical places. This is not a completely random analysis but a pseudo-random analysis 
which only examines the effect of random variation on these critically loaded regions.   
 
Figure 6-29 – Location of critical regions 
Secondly, since GeoFEA 9 is unable to model crack propagation and tensile stress shedding, a 
more phenomenological criterion has to be used to define failure. In this study, failure is 
deemed to be reached when the zone of material which has reached or exceeded the (randomly 
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varying) tensile strength exceed a certain size. This is purely phenomenological and will require 
calibration using centrifuge model data. 
In finite element implementation, the modification to GeoFEA9 was implemented using a user-
defined output subroutine, which terminates the analysis when the number of elements 
corresponding to the specified critical size of tensile zone has been reached. The critical zone 
size needs to be properly set for the results to be meaningful at an engineering level.  
For instance, yielded elements are likely to become problematic only if they are clustered 
together; if 2 or 3 yielded elements are located far away from each other then it might not be so 
disastrous, as shown in Table 6-9. Thus critical zone size had to be sufficiently large to discount 
this scattered element effect. 
Table 6-9 – Summary of crack characteristics 
 
It was idealised that the yielded elements would occupy a square area as shown in Figure 6-30. 




Figure 6-30 - Idealised location of yielded elements 
The number of elements that make up a critical crack, Ne would therefore be estimated as the 
number of elements that made up the height of the square: 
/ = √gh3 (6.9) 
Therefore, the length of the critical crack, Lx was determined to be, 
ij = / × i/  (6.10) 
Where Le is the mean length of one side of an element. 
The percentage thickness of the improved soil that has to fail before the analysis stops is given 
as, 
%	lℎ9n*	eC	9o)e#*&	e9	C+99p = il × 100% (6.11) 
Where t is the thickness of the improved soil ring. 
It was proposed that Ne could be obtained by looking at the centrifuge experiment CIRC-N33-300 
and taking note of the number of elements that were in tension. Figure 6-31 shows this test at 
the point of failure. The length of the elements in tension was about 0.5 times the thickness of 
the improved soil surround, t, while the height was about an eighth of t. The area in tension is 
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(1/16 x t2). Thus the length of critical crack can be obtained from the square root of the area and 
determined to be a quarter of the thickness of the improved soil surround.  
 
Figure 6-31 – Elements in tension outlined in black for test CIRC-N33-300 
Using this relationship, the length of critical crack for the random problem, which has a thickness 
of improved soil surround of 3m, is 0.75m. Using equation 6.10 and substituting an element 
length of 0.2m, Ne is determined to be approximately 4. Using equation 6.9, a suitable value to 
use for NUP20 is 16 elements. 
6.3.3 EFFECT OF COEFFICIENT OF VARIATION AND UNCONFINED COMPRESSIVE STRESS 
As previously mentioned in Section 2.5.2, Kasama et. al. (2012) showed that 1000 realisations 
was the minimum number of realisations required to carry out reasonable statistical 
interpretation. However looking at Figure 2-41 again shows that there is not much change from 
100 realisations to 1000 realisations. So in order to optimise the available computing resources it 
is first explored if 100 realisations are indeed sufficient for this particular problem. 
100 realizations was conducted using the test model described in Section 6.3 and the cumulative 
average of the critical tunnel support pressure expressed as a percentage of the entire 
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excavation was plotted and compared against the mean percentage of completion, as shown in 
Figure 6-32. This confirms that 100 realisations large enough to have stabilised the results. 
 
Figure 6-32 - Cumulative average of % completion of realizations 
As such 100 realisations of four different test cases were carried out. A summary of the different 
spatial variability and strength parameters for each of the cases are as shown in Table 6-10. 
Figures 6-33, 6-34, 6-35 and 6-36 shows the histogram tabulating all the realisations and the 
percentage completion of the excavation process at which failure occurred. 
Table 6-10 - Summary of test cases 
Identifier Experimental parameters 
Case 1 cu2 = 900kPa, COV = 0.4 
Case 2 cu2 = 1500kPa, COV = 0.4 
Case 3 cu2 = 900kPa, COV = 0.2 





Figure 6-33 - Histogram for each of the 4 test cases 
 
Figure 6-34 - Histogram for each of the 4 test cases 
 




Figure 6-36 - Histogram for each of the 4 test cases 
For case 1, the percentage completion of excavation is approximately 65% on average. This 
means that the critical tunnel support pressure is 35% of the original tunnel support pressure. 
The deterministic analysis on the other hand shows that the tunnel would not fail. This shows 
that spatial variability could lead to reduced stability of the tunnel system. 
By doubling the cu2 value to 1500kPa in case 2, the histogram is shifted to the right as compared 
to case 1. This shows that an increase in strength can reverse the effect of the spatial variability. 
This was sensible as even in the deterministic analysis the cu2 value was shown to have a positive 
effect towards stability. 
Similarly if the COV value is halved to 0.2 in case 3, the histogram is shifted to the right as 
compared to case 1. This demonstrated that the more uniform the mix is, the more stable it 
would become. This is physically meaningful as well as a more uniform mix would reduce the 
occurrence of localised weak points. 
If the cu2 value is doubled and the COV is halved as per case 4, then the histogram approaches 
the deterministic case where there is no failure. This may indicate that a Factor of Safety of 2 
should be applied to the cu2 value, while at the same time ensuring that the mix is uniform 
enough such that the COV does not exceed 0.2. 
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6.4 CONCLUSION  
The correct soil parameters are needed in order to model tunnels with a cement treated soil 
layer adequately. The Mohr-Coulomb model is suitable to predict the failure load of such 
systems, as comparisons with centrifuge results show that the differences between 
experimental and numerical results are not large.  
However, while knowledge of the failure loads is sufficient for design purposes, post-failure 
behaviour cannot be captured accurately. A model that can sufficiently describe behaviour of 
fractured materials would be required in the future. 
Four different failure modes have been identified. From the parametric study, a failure map is 
derived indicating the conditions under which each failure mode would occur. It should be noted 
that the failure map is only for shallow tunnels and a further study on deep tunnels may be 
required. 
The drainage conditions of the improved soil layer can affect stability. In order to keep the 
improved soil layer from going into tension, enough time should be given for the excess pore 
water pressure to dissipate. 
Using both the numerical and experiment data, stability charts has been populated using 
suitably proposed stability equations. However for design it is recommended to use the chart for 
Flexural failure modes, which is the dominant failure mode. 
Important parameters have been identified and classified. A design procedure has been 
suggested. It can aid future designers to obtain a quick initial design, as well as understand what 
is critical to a good design. 
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It is important before carrying out a random analysis to first determine how many realisations 
are required for stable interpretations and to choose a suitable failure criterion. For tunnels with 
an improved soil surround, the number of yielded elements should be limited to 16. 
Spatial variation is shown to have a negative impact on stability. The results of the random 
analysis can be used to determine what is a suitable factor of safety to use, as well as how 
uniform the mix has to be. The results of this study are as yet still preliminary and more test 
cases would need to be carried out at different geometric and strength parameters to accurately 








7 QUANTIFYING STABILITY OF CIRCULAR TUNNELS WITH CEMENT TREATED SOIL 
SURROUND 
In geomechanics, there are often two definitions of limit states. The first is an ultimate failure 
state, which is defined as a state in which the rupture process is sufficiently extensive to 
translate the previously stable geosystem into a kinematic mechanism. At this stage, the 
geosystem is considered to have reached a state of limit equilibrium and all resistance in the soil 
has been mobilized. Another is a limit state based on serviceability. Very often, ground 
movement is used as the serviceability criterion. This is particularly so in scenarios where ground 
movement has to be carefully controlled e.g. soil-structure interaction problems. In 
underground openings and excavation, ground movement is defined in terms of convergence or 
volume loss. This is the conventional way of defining serviceability limit state in tunnelling.  
Since improved soil surround is much stiffer than the in-situ soil, pre-failure soil movement is 
likely to be exceedingly small. Furthermore, as seen in both the 1-g and centrifuge experiments, 
the post-rupture deformation of the cavity appears to be negligible, as the improved soil layer 
largely retains its circle shape. Thus it is likely to be difficult to define failure in terms of volume 
loss for this particular problem.  
In addition, although post-failure rupture planes are clearly evident in the improved soil, they 
are not evident in the in-situ soil. One possibility is that, because of the large difference in 
stiffness between the improved and in-situ soil, the latter might be quite far from failure even 
though the former had failed.  
The foregoing discussion indicates that the improved soil surround has a dominating effect on 
the stability of the whole system as it has a much higher stiffness and strength than the 
surrounding soil. The propensity to crack is also suggestive that it is also a brittle material. This is 
consistent with the findings of Xiao (2009), which showed that cement-admixed soil strain 
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softens significantly in undrained triaxial loading and manifest clearly defined tensile strength. 
The failure of the improved soil surround, in itself, is thus likely to give rise to a significant 
change in overall behaviour and this is observed from the model test e.g. stabilization of loading 
and ingress of in-situ soil into cavity.  
Hence, one may surmise that the failure of the improved soil surround on its own will lead to 
some kind of limit state, even though the surrounding soft soil strength might not have been 
fully mobilized. In any case, the fact that the improved soil is often much stronger than the 
surround soil implies that its failure may quickly lead to an uncontrollable chain of events which 
will eventuate in ultimate failure of the entire system. If this is so, then the relevant definition of 
limit state is incipient failure of the improved soil surround. 
In this chapter suitable stability equations will be proposed for each of the failure mechanisms 
identified in the failure map in Section 6.2.4. Using the proposed stability equations, the stability 
charts can be plotted. Engineers may refer to these charts as a mean to come up with an initial 
design. 
7.1 DERIVING A SUITABLE STABILITY EQUATION FOR FLEXURAL FAILURE MODES 
It can be seen from the physical experiments that the factors that have a positive effect on the 
stability of the system are the t/D ratio, as well as the undrained shear strength of the improved 
soil cu2. Considering that the t/D ratio is a measurement of the slenderness, it is not 
unreasonable to conclude that a larger t/D ratio would improve the flexural strength of the 
improved soil layer. The relevance of the undrained shear strength of cement-treated soil can be 
inferred from its linear relationship to the tensile strength of the material, as seen in Figure 7-1, 




Figure 7-1 - Relationship between tensile strength and unconfined compressive strength of cement-treated marine 
clay (after Xiao, 2009) 
The 1-g tests also indicate that the undrained shear strength of the surrounding material cu1 also 
factors into the stability of the system, which may seem counter-intuitive as failure occurs locally 
in the cement-treated soil. It is reasoned that this is due to the outward lateral movement of the 
improved soil surround along the springline of the tunnel, which may partially mobilize the 
passive earth pressure of the surrounding soil. 
As can be seen in Figure 4-9, the tunnel crown moves into the tunnel cavity at failure, while at 
the springline the deformation is towards the surrounding soil, resulting in a more oval improved 
soil layer. Thus a larger cu1 value would provide greater resistance to this lateral deformation, 
adding to the stability of the system. 
It is clear from observing the results of the physical experiments that tunnels with an improved 
soil layer should be designed for flexural failure rather than shear failure or roof collapse. This 
will allow for the most efficient use of the improved material. 
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Stability can be quantified using a stability equation. However the formulation of the stability 
equation defined earlier was rather simplistic; with a greater understanding of the behaviour of 
the cement treated soil layer as a result of the parametric study a more comprehensive and 
thorough formulation of the stability equation is allowed. 
The improved soil layer can be simplified to an idealised loading on a ring, as seen in Figure 7-2. 
The effects of the strength of the surrounding soil, which were shown to have a positive impact 
on stability in Section 4.3, is incorporated as into the coefficient of earth pressure at rest. It is 
not expected to be very significant when the cu2 value is very high in comparison, which is the 
case for flexural failure. 
 
Figure 7-2 - Idealised loading condition on improved soil layer 
The loading condition in Figure 7-2 can then be regarded as the superposition of two unique 
loading conditions; one isotropic and one uni-directional. This is as illustrated in Figure 7-3. As 
the improved soil layer is assumed to be linear elastic (at least till point of failure), the effects of 






Figure 7-3 – Superposition of two different loading conditions, isotropic (left) and uni-directional (right) 
First the isotropic loading condition, illustrated in Figure 7-4, is considered. While the improved 
soil layer need not necessarily be a thin compared to the diameter of the tunnel, in order to 
simplify the problem it is assumed that the resultant force at the crown and springline is 
uniformly distributed load σc.  
 
Figure 7-4 - Isotropic loading condition 
Resolving all loads, σc is determined to be:- 




Next the uni-directional case is considered. The main effect of such a loading condition is the 
introduction of moments MA and MB on the improved soil layer and force F on the springline, as 
illustrated in Figure 7-5. 
 
Figure 7-5 - Uni-directional loading condition 
Resolving all forces, the following equation is obtained:-  
 = 1 − q	2 (7.2) 
 
Taking moment equilibrium about A:-  
\- +\r = 1 − q	38  (7.3) 
 
MA and MB are taken to be the following:-  
\- = '1 − q	38  (7.4) 
 




From the parametric study it is observed that MA is more critical than MB. For simplification the 
bending at the crown is reduced to a beam bending situation with the neutral axis at the middle 
of the improved layer. Thus the bending stress on the outer fibers of the improved soil layer, σB, 
is given as:- 
r = \-l 2 ls 12 =
6\-l3 = 68'1 − q	l 3 (7.6) 
 
Thus the net pressure at the crown, σN, is:-  
t = u + r = q 	2




It has been determined that there are two types of flexural failure modes. In Flexural 
(Compression), σN must be more that the unconfined compressive strength of the material. In 
Flexural (Tension), the absolute value of σN must be more than the tensile strength of the 
material. This is described in Equations 7.8 and 7.9 respectively:- 
t > 23 (7.8) 
 
|t| > B3 (7.9) 
 
Where Ft is the relationship between the tensile strength of the improved soil material and its 
undrained shear strength. 
Considering Equation 7.7 and that the failure condition is linked to the undrained shear strength 
of the improved soil material, the following equation is suggested for the stability equation:-  




If σv is defined considering the surcharge pressure on the surface and the tunnel support 
pressure, that Equation 7.10 becomes:-  
 =  + 	 2  +  − x3  (7.11) 
 
Looking at Equation 7.7 again it is postulated that N has the following relationship:-  
 =  + 	 2  +  − x3 = y l	7 (7.12) 
 
Where β and m are some constant values. It is worth noting that β must therefore be a function 
of cu1. Stability N, can be plotted against slenderness ratio t/D for all physical and numerical tests 
to obtain a range of values (upper bound, lower bound and mean) of β and m. 
7.2 QUANTIFYING STABILITY OF FLEXURAL FAILURE  
Using Equation 7.12, all the experiment and numerical data (flexural failure only) is plotted on a 
single graph of N vs t/D to obtain a stability chart. This chart is as shown in Figure 7-6. Table 7-1 




Figure 7-6 - Stability chart with experimental and numerical data 
Table 7-1 - Summary of β and m values 
Upper bound β = 1.67, m = 0.37 
Mean β = 1.30, m = 0.40 
Lower bound β = 1.00, m = 0.50 
 
The stability chart in Figure 7-6 is physically sensible, as it shows that stability would increase for 
larger t/D values. It also shows that for a lower t/D value, the failure mode tends to be Flexural 
(Compression), while Flexural (Tension) tends to occur at higher t/D values (t/D > 0.33).  
This can be due to the position of the neutral axis. In Flexural (Compression), considering that 
the highest stress value lie along the outer boundary at the crown (pivot point), the neutral axis 
must lie outside the improved soil layer itself. However, if the improved soil layer is thick 
enough, the neutral axis can lie within the improved soil layer, allowing for negative or tensile 
stresses. Thus Flexural (Tension) is only observed for larger t/D ratios. 
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7.3 QUANTIFYING STABILITY OF ROOF COLLAPSE AND SHEAR FAILURE MODES 
Both the Roof Collapse and Shear Failure modes involve two parts; the failure of the improved 
soil followed quickly by the sliding block mechanism of the surrounding soil above the crown of 
the tunnel. As such any stability equation needs to account for both the strength of the 
improved soil and the surrounding soil. 
Considering the Broms and Bennermark (1967) equation, it can be modified to also include the 
effects of cu2. The following modification is proposed for the stability equation:-  
 =   + 12	
 +  − 1z + 3  (7.13) 
 
Where α is the mobilisation factor for the surrounding soil and its minimum value is 1. 
Equation 6.1 is based on the Broms and Bennermark (1967) stability equation (see Equation 2.1) 
though the denominator has been modified. There is now the inclusion of cu2 which accounts for 
the strength of the improved soil layer. In addition the undrained shear strength of the 
surrounding soil is factored. The value of α will indicate how important the surrounding soil is to 
stability; the closer it is to 1, the more it contributes towards stability. 
The stability number N is plotted against (C/D)a(t/D)b. As mentioned earlier these two failure 
modes involve the failure of the improved soil, which is dependent on the dimensionless 
parameter t/D, as well as the failure of the surrounding soil, which is in turn dependent on the 
dimensionless parameter C/D. Hence the x-axis should be some function of C/D and t/D. 
Using the data from the parametric study N, as defined by equation 7.13, is plotted against 
(C/D)a(t/D)b with suitable values chosen for a, B and α such that a best fit curve is obtained. This 




Figure 7-7 - Stability chart for Roof Collapse and Shear Failure 
It is found that the most suitable α value is 1, which indicates that cu1 is fully mobilised. This 
would mean that the surrounding soil contributes a lot towards stability of the tunnel system. 
This is not unreasonable, as mentioned previously both the Roof Collapse failure mode and the 
Shear Failure mode would only occur if the improved soil layer is relatively thin and/or relatively 
soft. As such it is sensible that the surrounding soil would have a large part to play in the 
stability. 
This is further supported by the fact that both the failure modes seem to lie on the same line on 
the stability chart. This would suggest that the sliding block mechanism of the surrounding soil is 
more dominant than the local failure of the improved soil. 
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7.4 DESIGN PROCEDURE FOR CIRCULAR TUNNELS WITH A CEMENT TREATED SOIL 
LAYER  
A design procedure can help guide engineers towards an efficient design for tunnels with an 
improved soil layer. With a greater understanding of the behaviour of these types of tunnels, 
such a design procedure can now be crafted. 
The first step is to decide on the diameter of the tunnel to be constructed and the depth at 
which it would be excavated. Only once this has been confirmed can a suitable thickness and 
strength of the improved soil layer can be suggested. 
The next step is to carry out a site investigation. This is to establish the strength profile of the 
surrounding soil. As mentioned previously the ratio between the undrained shear strength of 
the improved and unimproved soil (strength improvement factor) can affect the failure mode of 
the tunnel system. Thus knowing the strength profile of the unimproved soil will inform the 
engineer on how much improvement is required. 
Once this has been established the engineer can refer to the failure map (see Figure 6-26) in 
order to choose an initial value for the thickness and strength of the improved layer and at the 
same time decide on the failure mode. Subsequently the engineer can refer to the 
corresponding stability equation and stability chart. The improved soil ring is then classified as 
stable or unstable by comparing the stability number N of the tunnel to the stability chart. If 
unstable, there needs to be a redesign of the tunnel improved soil layer.   
Once an initial set of geometric and strength parameters have been established, numerical 
analysis should be carried out with other parameters such as construction time given due 
consideration. The crown is critical to the stability of the system and the development of 
stresses in that region should be monitored closely. These parameters should be adjusted if 
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necessary and analysed again. The geometric and strength parameters should be finalised in this 
step. 
Finally, a suitable soil to cement to water ratio should be selected in order to achieve the desired 
strength. In order to get a quick estimate for the 7 day strength of cement treated soil, the 
following equation from Xiao (2009) can be used:-  
[ = [ *7 =⁄ { ⁄ | (7.14) 
 
Where qu is the unconfined compressive strength of the cement treated soil, s/c is the ratio of 
the mass of the dry soil to the mass of the cement and w/c is the mass of water in the soil to the 
mass of the cement. The parameters q0, m and n are dependent on the soil properties. For the 
Singapore Marine Clay used for this study, the values are 4000, 0.62 and 3.0 respectively. In 
order to obtain these values for different soils, it is recommended that several unconfined 
compression tests be carried out using different mix ratios. 
The flow chart in Figure 7-8 below summarises the work flow process that is to be taken for 
design of the improved soil tunnel:- 
 




Stability charts are useful for good design. They allow for engineers to quickly obtain suitable 
design parameters for an initial analysis. Two stability equations have been proposed based on 
the physical understanding to the tunnel problem that can adequately describe the four failure 
modes identified in the previous chapter. Using the experimental and numerical data, stability 
charts have been populated for each failure mode.  
A design procedure has been proposed for circular tunnels with cement treated soil surround. 
This design procedure would involve the use of the failure map introduced in Chapter 6 as well 
as either of the stability charts proposed in this Chapter to come up with an initial design, which 




8 STABILITY OF RECTANGULAR TUNNELS WITH IMPROVED SOIL SURROUND 
There are three main parts to this chapter. The first involves a discussion on the results of a 
series of centrifuge experiments carried out to explore the possible failure modes and loads of 
rectangle tunnels with an improved soil layer. Secondly a proposed analytical solution is derived. 
Finally suggested design techniques are discussed. 
8.1 DISCUSSION ON CENTRIFUGE RESULTS 
A total of 5 different tests were carried out. The experimental parameters are listed in Table 8-1. 
Table 8-1 - List of experiments and relevant parameters for rectangular tunnels 




cu1 = 22kPa, cu2 = 288kPa, 
C = 18cm, t = 3cm 
2. Effect of 
thickness, t 
RECT-T5-300 
cu1 = 23kPa, cu2 = 300kPa, 
C = 18cm, t = 5cm 
3. Effect of 
strength, cu2 
RECT-T3-676 
cu1 = 21kPa, cu2 = 676kPa, 
C = 18cm, t = 3cm, 
RECT-T5-604 
cu1 = 21kPa, cu2 = 604kPa, 
C = 18cm, t = 5cm, 




cu1 = 25kPa, cu2 = 305kPa, σTensile = 290kPa, 
C = 18cm, t = 3cm 
*soil unit weight is 16kNm
3
 
The values of H and B are set as 8cm and 30cm respectively, as these are representative values 
for a wide-diameter vehicular tunnel. The variables which are changed between tests are the 
thickness and undrained shear strength of the improved soil. 
As Table 8-1 shows, test RECT-T3-288 is the baseline experiment. Test RECT-T5-300 explores the 
effects of the ground improvement thickness on stability. The effect of the undrained shear 
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strength on stability is then explored in tests RECT-T3-676 and RECT-T5-604. Finally, test RECT-
T3-305_FIB explores the effect of fibre reinforcement on stability.  
As will be shown in the discussion below, rectangular tunnels with improved soil surrounds are 
prone to tensile cracking at the roof. The aim of test RECT-T3-305_FIB is to assess the effect of 
fibre on the stability of the improved soil surround. 
8.1.1 SOIL STRENGTH PROFILE 
The kaolin clay beds for the rectangular tests are prepared in the same way as those of the circle 
tunnel centrifuge experiments. As such they can be expected to have similar soil strength 
profiles. 
Figure 8-1 shows soil strength profile of each of the rectangular tunnel tests. In can be observed 
that these are very similar to that obtained for the circle tunnel centrifuge tests, shown earlier in 
Figure 5-2. Figure 8-2 shows that the soil profile is quite repeatable, with a R2 value of 0.9765 
across all tests. 
 




Figure 8-2 - Best fit line from all vane shear test results 
8.1.2 ESTABLISHING A BASELINE 
Similar to the circle tunnel tests, tunnel excavation was modelled by reduction of tunnel support 
pressure from an approximately geostatic level. Pressure sensors placed at the mid-span of the 
roof of the tunnel records the changes in pressure as the tunnel support pressure is being 
reduced. The measurements for test RECT-T3-288, the baseline test, are plotted and shown in 
Figure 8-3. 
 
Figure 8-3 - Test data for RECT-T3-288 
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As Figure 8-3 shows, reduction of tunnel support pressure started at instance t1. At instance t2, 
total stress between the tunnel roof and soil started to decrease before recovering at instance 
t3. Figures 8-4 and 8-5 shows test RECT-T3-288 before and after instance t2. The red and green 
lines mark the surface of the surrounding soil and the original tunnel outline, respectively. As 
can be seen in Figure 8-4, the surface of the surrounding soil is initially flat, but after time t2 a 
settlement trough has developed, seen in Figure 8-5. The settlement trough was not symmetric. 
The maximum measured movement was approximately 42mm. 
 
Figure 8-4 – Test Rect-T3-288 before time t2 
 





Figure 8-5 also clearly shows that a roof failure has occurred. This is evidenced by the fact that 
the black line markers placed at the sides show no significant movements before and after time 
t2, while the line markers above the tunnel roof show large movements. The walls and floor of 
the tunnel remain at roughly the same location, but the roof has undergone significant 
deformation. 
Post-test examination conducted after removal of the viewing window of the container showed 
that the roof of the improved soil layer has collapsed, while the other three sides remain intact, 
Figures 8.6. A top view of the roof failure can also be seen in Figure 8-7, after removal of the 
overlying soft soil. It can be seen from Figure 8-8 that the cracks are not exactly symmetrical, 
which explains why the settlement trough was not as well. 
 




Figure 8-7 - Roof of improved soil layer after conclusion of test RECT-T3-288 
This roof failure mechanism of the improved soil explains why the pressure sensors record a 
sudden drop in total stress at instance t2 before gradually increasing again. At instance t2, 
cracking in the roof of the improved soil layer caused the latter to move downwards and away 
from the overlying soil resulting in a drop in earth pressure. Instance t3 marks the point at which 
the deformation of the roof ceased and the overlying soil re-established contact pressure with 
the roof, thereby leading to an increase in total stress on the now collapsed roof. 
The locations of the cracks suggest that the roof of the improved soil layer failed by flexure. The 
cracks occur mostly along the parts of the roof near the walls, corresponding to the locations of 
the large bending moments near the walls. This is analogous to a fixed end beam, where the 
largest bending stresses are found around the supports. The tunnel support pressure at time t2 
is 337kPa at the mid-depth of the tunnel cavity. In line with the incipient failure concept, this 
value is determined to be the critical tunnel support pressure. This represents a reduction of 
tunnel pressure of only 4.3% reduction from the original equilibrium pressure of 352kPa. 
8.1.2.1 Conclusion 
Failure can be indicated by a drop in the contact stress between the improved soil surround and 
the overlying soil above the roof. This method of identifying failure is consistent with that used 
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the circular tunnel studies discussed earlier. The location of the cracks observed suggest that 
failure was caused as a result of bending stresses.   
8.1.3 EFFECT OF THICKNESS OF IMPROVED SOIL 
The next test involves varying the thickness, t, of the improved soil layers in order to determine 
its effect on stability. Test RECT-T5-300 will have a thickness of 5cm, while keeping the other 
strength parameters constant. The critical tunnel support pressure for this test was 323kPa, as 
seen in Figure 8-8, which translates to an 8.2% reduction in tunnel support pressure. While these 
are still low, it is an improvement on the 4.3% stress reduction for test RECT-T3-288 and 
demonstrates the benefits of a thicker roof. 
 
Figure 8-8 - Experiment data from test RECT-T5-300  
Figure 8-9 shows the tunnel just before, during and just after t2. Prior to instance t2 there were 
no cracks in the improved soil layer. Shortly after instance t2, a crack starts to appear in the 
middle of the roof of the improved soil layer. This is quickly followed by two more cracks forming 




Figure 8-9 - Bending failure of test RECT-T5-300. Cracks are circled in red. 
The surface movements for this experiment were significant. As with test RECT-T3-288, the soil 
surface was initially flat, but developed a settlement trough sometime after t2, with the 
maximum movement being 51mm. 
8.1.3.1 Conclusion 
The failure mechanism does not vary with increasing t, as the bending failure observed in the 
baseline test was still observed for the Series 2 experiment. 
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8.1.4 EFFECT OF STRENGTH OF IMPROVED SOIL 
The next two tests focuses on increasing the undrained shear strength of the improved soil 
surround in order to determine its effect on stability. As Figures 8-10 and 8-11 show, the critical 
tunnel support pressure reduction was 328kPa (6.8% reduction) and 321kPa (8.8% reduction) for 
tests RECT-T3-676 and RECT-T5-604, respectively. 
 
Figure 8-10 - Experiment data from test RECT-T3-676  
 
Figure 8-11 - Experiment data from test RECT-T5-604  
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It is evident as well that these experiments also experiences the same bending failure as that of 
the previous 2 experiments. Upon close inspection of the improved soil layer after the 
conclusion of test RECT-T3-676, 3 distinct cracks can be observed along the middle and sides of 
the roof of the improved soil layer. This can be seen in Figure 8-12 and is consistent with all the 
prior experiments. Figure 8-13 shows the cracks formed for test RECT-T5-604, which are also in 
similar positions, though several other cracks has formed as well. 
 




Figure 8-13 - Cracks along the roof of test RECT-T5-604 
The absolute values of maximum surface movements of both the Series 3 experiments were not 
too far removed from those of the earlier tests. This value, measured as before using Origin Pro 
8.6, with found to be 47mm and 58mm for test RECT-T3-676 and test RECT-T5-604 respectively. 
Figure 8-14 shows the settlement trough formed following the conclusion of test RECT-T5-604. 
Similar to test RECT-T3-288, it is not symmetric.  
 




These 2 tests show that an improvement to stability can be achieved by increasing the 
undrained shear strength of the improved soil layer. At the same time it also shows that the 
failure mechanism does not vary with increasing cu2 value, as the bending failure observed in the 
baseline test was still observed for both the prior experiments. 
8.1.5 EFFECT OF FIBRE REINFORCEMENT 
The final test illustrates the importance of tensile strength to the rectangle tunnel problem. Test 
RECT-T3-305_FIB adopts the same testing conditions of test RECT-T3-288 with the exception of 
the introduction of fibres into the improved soil mix. 1% by weight of 6mm-long polypropylene 
fibres was added to the improved soil mix. Split cylinder tests showed that this will improve the 
tensile strength by a factor of 2.4 to 290kPa. 
As Figure 8-15 shows, the tunnel support pressure for this test is much lower and represents a 
50% decrease in tunnel support pressure. This is a significant improvement to all previous tests. 
Moreover, for this test, the recovery in contact stress between improved soil surround and 
overlying soil is much more rapid than the tests discussed above. 
 
Figure 8-15 - Experiment data for test RECT-T3-305_FIB 
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The critical tunnel support pressure is determined to be 176kPa or 50% decrease in tunnel 
support pressure. This is a significant improvement to all previous tests, of which the drops in 
tunnel support pressure were never greater than 10%. This proves that tensile strength of the 
improved soil material is a very important factor to the stability of such tunnels. 
Figure 8-16 shows the images captured before and after failure. The fibres had made the 
improved soil layer very ductile; hence there was no sudden failure of the roof. Instead, 
observations showed a gradual cave-in of the roof lasting for about 7minutes after failure was 
initiated. This is well after the recovery of the contact stress in Figure 8-16. 
  
Figure 8-16 - RECT-T3-305_FIB before (left) and after (right) failure 
As Figure 8-17 shows, post-test examination showed cracks occur along the middle and the sides 
of the roof of the improved soil layer, which is not unlike all the previous tests. The failure mode 
is therefore unchanged by the introduction of fibre into the improved soil mix. Figure 8-18 
shows a close-up image along one of the cracks on the roof. There is evidence of fibre-pullout 





Figure 8-17 - Cracks on the roof of the improved soil layer 
 
Figure 8-18 - Fibre-pullout along the failure surface of test RECT-T3-305_FIB 
8.1.5.1 Conclusion 
The introduction of fibres has allowed for the reduction of tunnel support pressure to increase 
from 4.3% to 50%. The failure mode of the rectangular tunnel in not affected. However, the rate 
of cave-in of the roof was much more gradual than the models without fibres. It should be noted 
that the size effect of the fibre is not well understood. The fibres are 6mm long, which means in 
the centrifuge under 100-g acceleration the forces on one end of the fibre to the other can be 





8.2 PROPOSED ANALYTICAL SOLUTION 
From the observations of the centrifuge results, it was observed that the dominant failure mode 
is the flexural failure of the roof. It is therefore proposed that this failure mode is analogous to a 
fixed end bean under a uniformly distributed load. The roof of the improved soil layer is then 
assumed to be a fixed end supported beam with dimensions as illustrated in Figure 8-19. The 
neutral axis is assumed to be located through the centreline of the beam. 
 
Figure 8-19 - Front and cross section view of roof 'beam' 
From the Euler Beam Theory, the stresses caused by flexural bending, σb, can be expressed by 
the following equation:- 
} = \~   (8.1) 
 
Where M  =  Bending moment on the beam 
 y    =  Distance between the extreme fibers of the beam and neutral axis 
 I     =  Area moment of inertia 
For a fixed end supported rectangular beam, the following relationships are assumed:- 
\ = E3 12  (8.2) 
 
~ = l 2  (8.3) 
 




Where ω is the uniformly distributed load on the beam. The uniformly distributed load is 
assumed to be equal to the surcharge on the roof of the improved soil layer and thus obeys the 
following relationship:- 
 = 1 − l + 3l − B (8.5) 
 
Where γ1   =  Unit weight of the surrounding soil 
 γ2   =  Unit weight of the improved soil 
 C    =  Depth of cover above the tunnel 
 σt   =  Tunnel support pressure on the roof of the tunnel 
 
Combining Equations 8.1 to 8.5 gives  
} = [1 − l + 3l − B]E32l3  (8.6) 
 
For an improved soil layer with a unit length, b = 1. Hence Equation 8.6 is simplified to the 
following:- 
} = [1 − l + 3l − B]E32l3  (8.7) 
 
The centrifuge experiments motivate the postulation that cracking arises from tensile stresses 
due to bending. Xiao’s (2009) findings also indicate that the tensile is roughly proportional to the 
undrained shear strength, that  
l*9*	l)*plℎ = B (8.8) 
 
Where Ft is a factor that is dependent on the material properties.  
Using Equation 8.7 and Equation 8.8 and solving for the tunnel support pressure, the following 
expression for critical tunnel support pressure is obtained:- 
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B6=.B=0 = 1 − l + 3l − 2Bl3 E3  (8.9) 
 
Xiao (2009) reported that the range of unit weights for cement treated soil, depending on the 
cement and water content, lies between 13.14kN/m3 to 16.19kN/m3. These values are not too 
dissimilar from the unit weight of clay. Hence, a further assumption may be made that γ1 ~ γ2 
and Eq. 8.9 simplifies further to 
B6=.B=0 = 1 − 2Bl3 E3  (8.10) 
 
Eq. 8.10 indicates that the largest critical tunnel support pressure occurs when the thickness is 
zero and decreases as the thickness of the improved soil surround increases, which is 
reasonable. If the critical tunnel support pressure is set at zero (representing a completely 
unsupported tunnel), then Equation 8.9 can be solved for different values of tunnel width B. This 
is shown in Equation 8.11.  
l = 1E32B  (8.11) 
 
8.2.1 COMPARISON WITH CENTRIFUGE EXPERIMENTS 
In order to make comparison with the centrifuge experiments, the parameters used are the 
same as that of Table 8-1. The value of Ft is 0.26. Using equation 8.10, the predicted values of 




Table 8-2 - Calculated critical tunnel support pressure at roof 
Test identifier 
Calculated values of critical tunnel 






The tunnel support pressure in the centrifuge experiments were measured at the mid-plane of 
the tunnel, whereas the equations accounts for tunnel support pressure on the roof of the 
tunnel. An estimate for the tunnel support pressure at the middle of the tunnel can be obtained 
by accounting for the hydrostatic pressure variation between the roof and mid-plane, leading to 
B6=.B=0.||/ = B6=.B=0. + 1D 2  (8.12) 
 
As Table 8-3 shows, the computed critical tunnel support pressure at the mid-plane agrees 
reasonably well with the measured critical tunnel support pressure. 
Table 8-3 – Comparison between calculated and experiment values of critical tunnel support pressure 
Test 
identifier 
Calculated values of critical 
tunnel support pressure (kPa) 
at springline level 
Experiment values of critical 
tunnel support pressure (kPa) 
at springline level 
Percentage 
difference 
RECT-T3-288 350.5 337 3.8% 
RECT-T5-300 347.7 323 7.1% 
RECT-T3-676 348.5 328 5.9% 





The analytical solution offers a fair estimate (within 10%) of the value of the critical tunnel 
support pressure. The estimate is conservative however; more tests would be required to 
determine if there is a factor left out of the analysis or if this is due to experimental factors. 
The solution for the fibre-reinforced material is not able to be determined, as the relationship 
between undrained shear strength and tensile strength is yet unknown. Tests would need to be 
done to determine what a suitable value of Ft is. 
8.3 PROPOSED DESIGN PROCEDURE  
Unlike circular tunnels, the rectangular tunnels are relatively simple. This is reflected in the 
proposed design procedure, which is comparatively simpler than for circular tunnels. 
The following design procedure is proposed for rectangle tunnels with an improved soil layer:- 
1. Decide on the depth, width and height of tunnel. 
2. Decide on thickness and strength of the improved soil layer. 
3. Determine the unit weights of the surrounding soil and the improved soil. 
4. Determine the parameter Ft of the improved soil layer by carrying out tests on the 
material. 
5. Calculate the failure load of the roof using the proposed analytical solution in Section 
7.2. 
6. Adjust thickness and strength of the improved soil layer if inadequate and repeat 
process. A few iterations may be required to get an optimum solution.  
As can be seen from both the experiments and the analytical solution, the rectangular tunnel is 
not a very stable system, especially at larger widths. It is recommended that such tunnels be 
constructed in shorter segments with columns made up of the improved material, as illustrated 
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in Figure 8-20, such that the unsupported span of the roof is kept to a minimum. After some 
permanent support has been installed, the improved soil columns can be removed. 
 
Figure 8-20 - Rectangle tunnel constructed in segments 
It is clear from the experiments that introducing fibre reinforcement into the soil-cement mix 
can improve the serviceability of these rectangular tunnels, as they do not fail in such a 
catastrophic fashion. As such, it is highly recommended, if the conditions are favourable, that it 
be added into the treated soil. However more research is required to be carried out towards the 
effect of length and fibre type and how these can affect stability. 
8.4 CONCLUSION  
From all the centrifuge experiments it is shown that the roof failure is the dominant failure 
mode for rectangle tunnels. This is a common trend noted among all the rectangle tests. The 
flexural failure of the roof of the improved soil layer, evidenced by cracks forming at along the 
walls and middle of the roof, is consistent regardless of the thickness of the improved soil or the 
mix ratio used. 
Table 8-4 shows the summary of each rectangle tunnel test and how much reduction of tunnel 
support pressure is allowed before failure occurs. Table 8-4 shows, as discussed in the earlier 
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sections, that having larger thickness of the improved soil layer and higher undrained shear 
strength would have a positive effect on stability. It also shows that an increase in tensile 
strength by addition of fibres would also improve stability. 
Table 8-4 - Summary of allowable percentage of reduction of tunnel support pressure for all rectangle tests 
Test Identifier 
Percentage reduction of tunnel 







The use of fibres is encouraging as it drastically improved the amount of tunnel support pressure 
reduction. It also makes the improved soil layer more ductile, which in turn causes the failure to 
be more gradual (7 minutes passed from the time the roof cracks to the time it finally stops 
moving) rather than sudden. In all the previous tests the failure was more dramatic, with the 
roof quickly collapsing and coming to a rest. Nonetheless the size effect of the fibres in the 100-g 
setup would require further exploration. 
The proposed analytical solution is a simple method that can approximately predict the failure 
load for the centrifuge experiments. The tensile strength of the fibre reinforced cement treated 









9 CONCLUSION AND FUTURE WORKS  
Tunnel stabilisation intervention, specifically tunnels with an improved soil surround, has been 
identified as one of the ways that would allow for the use of the underground space to be 
maximised. It is therefore necessary to have good design principles in place to inform future 
engineers how to go about with these types of construction projects. 
The studies described in the preceding chapters were intended to provide a greater 
understanding of the stability and collapse behaviour of such tunnels. A summary of these 
findings are as follows.  
9.1 SUMMARY OF FINDINGS 
1. The 1-g series of experiments for circular tunnels offers a reasonable initial insight into 
the potentially important factors that are associated with tunnels that have an improved 
soil layer.  
a. No global failure of the tunnel system was observed throughout all tests. Failure 
instead must be defined unconventionally as the local failure of the improved 
soil layer. 
b. At failure cracks were formed along the crown, springline and invert of the 
improved soil layer. 
c. Dimensionless geometric parameters t/D is shown to have a positive effect on 
stability. It is also shown that a combination of strength parameters cu1 and cu2 
would contribute towards tunnel stability. 
d. An initial formulation for a stability number N was proposed, with the results 
from the 1-g tests used to populate a stability chart. It is shown that N has a 
positive linear relationship with t/D. A parameter X was proposed to represent 
the degree to which the surrounding soil strength was mobilised. 
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2. While the 1-g series of experiments does hint towards what engineers should look out 
for when designing tunnels with an improved soil layer, it may not be the best way to 
simulate such tunnels. With the experience and knowledge obtained from conducting 
those experiments however, the more representative centrifuge series of experiments 
can be carried out with great efficiency. 
a. The centrifuge results show that t/D and cu2 had positive effects towards 
stability. The failure modes also remain consistent for all practicable t/D ratios. It 
is also shown that if cu2 is high enough, a tunnel soil surround system can be 
designed that does not fail. 
b. The failure mode observed was similar to the prior 1-g tests. 
c. The centrifuge test results were used to further populate the stability chart. It is 
shown that the data from both types of experiments can fall on the same line. 
The value of X however is unique for each type of test. This indicates that the 
contribution from the surrounding soil is different depending on whether the 
soil is uniform or has a linear strength profile.  
3. The numerical analysis conducted subsequently is then used to supplement the 
experiment results, as experiments cannot be carried out indefinitely. Once the 
numerical model has been calibrated using the experiment results, it can be used to 
simulate different types of tunnels with improved soil surround. 
a. Four different failure modes were found from the numerical analysis. The 
different conditions under which these failure modes would occur were mapped 
for quick identification.  
b. In addition all important geometric and strength parameters were identified. 
These were incorporated into stability equations and charts that were prepared 
for each type of failure mode.  
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4. A random finite element study was carried out at a preliminary level. It would show that 
spatial variations would have a negative effect on tunnel stability and inform on 
potential adequate factors of safety to use when carrying out such a tunnel design. 
5. Rectangle tunnels are shown to be an efficient shape for vehicular tunnels. As such, a 
centrifuge experiment study, informed by the results of the earlier tests, was carried out 
on the stability of rectangular tunnels with an improve soil layer.  
a. The rectangle series of centrifuge experiments would show that flexural failure 
of the roof of the improved soil layer is the dominant failure mode. This was 
observed for all tests. The thickness of the improvement and its undrained shear 
strength would have positive effects towards stability. 
b. Considering that the improved soil layer is weak in tension, fibres were added to 
the mix to improve the stability of the tunnels. The addition of fibres would 
increase stability dramatically, though failure mode remains unchanged. 
Furthermore, while the prior rectangular tunnels failed suddenly, the fibres 
helped to increase the ductility of the improved soil layer, which made the roof 
failure more gradual.  
c. Using the experiment observations, an analytical solution was proposed for the 
design of rectangular tunnel. It makes a decent prediction of the experiment 
results. 
9.2 FUTURE WORKS 
The work carried out for this study has shown that it is possible to create tunnels with an 
improved soil layer. With an understanding of the different failure modes and the important 
design parameters discussed in this project, engineers can quickly come up with efficient designs 
for tunnels with an improved soil layer. There are still some improvements that can be made 
such as the following:-  
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1. Post-peak behaviour of the improved soil surround cannot be modelled accurately using 
the Mohr-Coulomb model. A constitutive model could be developed that can reproduce 
crack formation or the rapid strain softening behaviour of the cement treated soil after 
it has yielded. In addition, the strength parameters of the cement treated soil are 
dependent on external factors such as curing time and surrounding temperature. As 
such this new constitutive model could be modified to include these factors as well. 
Subsequently it can be modified to include the behaviour of fibre reinforcement. 
2. An acceptable analytical solution for the failure of the improved soil surround for 
circular tunnels has yet to be proposed. The mechanics of the tunnel problem would 
need to be examined to a greater extent.  
3. The random finite element study carried out for this research work is still very much in 
the preliminary stage. More test cases at different geometries and soil strength 
properties are needed. Once this has been done, more comprehensive safety factors for 
the material properties can be proposed. 
4. The relationship between β and cu1 can be explored further. As can be seen in Chapter 7, 
β is a function of cu1, though the exact relationship is as yet not defined. Thus far what is 
known is the range of values for β for a given range of cu1. More tests can be carried out 
to determine precisely the relationship between these two variables.  
5. The size effect of fibres under centrifuge conditions will need to be explored further. 
While the introduction of fibres does have a positive effect on stability, it remains 
unknown how this effect would scale up at prototype dimensions. This is especially 
considering that the length of the fibres is already quite significant in model scale. 
6. A numerical analysis of rectangular tunnels with an improved soil layer can be carried 
out. This can be used to supplement the centrifuge data in Chapter 8. In addition, 
considering that the roof is more critical, a more optimal design may be proposed that 
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has larger roof improvements and thinner walls and bottom, instead of the uniform 
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